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Zusammenfassung 
Zeitlich variable Pestizidexpositionen treten regelmäßig in aquatischen Systemen, die an 
agrarwirtschaftlich genutzte Flächen grenzen, auf.  Wenn das Risiko für nicht-ziel 
Organismen, wie zum Beispiel aquatische Makrophyten, bewertet wird, werden nicht diese 
zeitlich variablen Pestizidexpositionen, sondern die maximal auftretende Konzentration 
berücksichtigt, obwohl in der Expositionsabschätzung jährliche Expositionsprofile generiert 
werden. Dieser Ansatz ist zwar protektiv aber nicht realistisch und kann zur Überbewertung 
des realen Risikos führen.  
Alternative Risikobewertungsansätze die Expositionsprofile, die sich über längere Zeiträume 
erstrecken, auf experimenteller Ebene bewerten, können nur eingeschränkt realisiert werden, 
aufgrund der Komplexität die solche Experimente erfordern. 
In dieser Dissertation wurde ein mechanistisches, toxikokinetisches und toxikodynamisches 
Wachstumsmodell von Myriophyllum spicatum entwickelt, das dazu genutzt werden kann, die 
Effekte von Langzeitexpositionsprofilen zu analysieren. Dabei berechnet das Modell das 
Wachstum von M. spicatum in Abhängigkeit von der Lichtintensität, der Temperatur, des pH-
Wertes und der Menge an gelösten anorganischem Kohlenstoff. Parallel dazu kann die 
Aufnahme, die Verteilung und die Elimination einer organischen Chemikalie in M. spicatum 
abgeschätzt und anhand dieser die berechnete Wachstumsrate gehemmt werden. So kann das 
Modell Wachstumshemmungen, ausgelöst durch variable Pestizidexpositionen, vorhersagen.  
Um das Modell für ein bestimmtes Pestizid einzusetzen, werden Parameter benötigt, die die 
toxikokinetischen und toxikodynamischen Eigenschaften des Pestizids beschreiben. Durch die 
Durchführung von Aufnahme- und Eliminationsexperimenten mit Isoproturon und 
Iofensulfuron und durch die Extraktion von bereits publizierten Daten, konnten Ableitungen 
aufgestellt werden, die es ermöglichen toxikokinetische Parameter abzuschätzen. Benötigte 
 
 
Parameter, wie die kutikulare Permeabilität und der Pflanzen/Wasser Verteilungskoeffizient, 
werden durch den Oktanol/Wasser Verteilungskoeffizienten der entsprechenden Chemikalie 
bestimmt. Für die Integration einer Dosis-Wirkungs-Kurve, um Wachstumshemmungen zu 
beschreiben, sind Daten aus einem toxikologischen Standardtest mit M. spicatum ausreichend.  
Somit kann das Modell nur mit den Daten, die ohnehin während einer regulären 
Risikobewertung erhoben werden, benutzt werden, ohne die Durchführung von zusätzlichen 
Experimenten notwendig zu machen. 
 
Es konnte gezeigt werden, dass das Modell in der Lage ist, die Auswirkungen von 
Iofensulfuron-Kurzzeitexpositionen in Übereinstimmung mit experimentellen Daten 
vorherzusagen.    
Damit kann das Modell als Werkzeug in der Risikobewertung eingesetzt werden, als 
Bindeglied zwischen den toxikologischen Standardtests aus der Effektabschätzung und den  
jährlichen Expositionsprofilen aus der Expositionsabschätzung.  
Des Weiteren wurde ein Ansatz vorgestellt, mit dem die Ergebnisse der Modellvorhersagen in 
das vorhandene Risikobewertungsschema der Europäischen  Behörde für 
Lebensmittelsicherheit eingefügt werden können. 
  
 
 
Abstract 
Time-variable pesticide exposure occurs regularly in edge-of-field water bodies.  The risk for 
non-target organisms, such as aquatic macrophytes is, however, not based on the time-
variable exposure, but on the maximum chemical concentration that occurs. This approach is 
conservative and protective, but not realistic and might cause an overestimation of the real 
risk. 
Alternative risk assessment procedures that experimentally evaluate long-term exposure-
profiles can hardly be realized because of the complexity that such experiments require.   
In this dissertation, a mechanistic toxicokinetic and toxicodynamic growth model of 
Myriophyllum spicatum was developed that can be used to analyse the effects of long-term 
exposure-profiles. The model can predict the uptake, the distribution and the elimination of 
organic chemicals within M. spicatum and link internal chemical concentrations to growth 
inhibitions. 
The dissertation is divided into distinct chapters that describe the development of the growth 
model and of the toxicokinetic and toxicodynamic submodels, in detail. 
The growth models acts as a basis for the toxicokinetic and the toxicodynamic submodels. It 
can predict growth under laboratory conditions, by calculating the yield in dry weight in 
dependency on the light intensity, the temperature, the pH and the amount of dissolved 
inorganic carbon.  
The toxicokinetic submodel predicts the internal concentration of organic chemicals on the 
basis of the external concentration. To parameterize the toxicokinetic submodel, uptake- and 
elimination-experiments with Isoproturon and Iofensulfuron were conducted, and combined 
with data that was extracted from the literature. Methods how to estimate chemical-specific 
 
 
parameters, such as the cuticular permeability or the plant/water partition coefficient are 
presented. 
The toxicodynamic submodel links the toxicokinetics with the growth of M. spicatum. It 
establishes an internal dose-response relationship that is used to inhibit plant growth. Based 
on the effects of Iofensulfuron, it was shown, that the model is able to predict growth 
inhibitions caused by short-term exposures when toxicological data from a standard toxicity 
test with constant exposure is available for the model parameterization. 
To use the model in risk assessment, in which annual chemical exposure-profiles are 
generated, further physiological processes, that describe the annual life-cycle of M. spicatum, 
were integrated into the growth model. In this state, the model can be used as a tool in risk 
assessment, linking the toxicological standard tests from effect assessments with the annual 
exposure-profiles from exposure assessments. Furthermore, a method is presented on how the 
outcome of model predictions might be placed in the risk assessment scheme of the European 
Food Safety Authority. 
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Before newly developed pesticides, such as plant protection products, can be placed on the 
market, it has to be proven that they do not cause unacceptable effects on non-target 
organisms, such as aquatic macrophytes. Therefore, exposure and effect assessments are 
conducted. The exposure assessment delivers annual predicted environmental concentration 
profiles (PEC) based on the agricultural use of the respective pesticides. At the first and most 
conservative effect assessment, the maximum of the predicted environmental concentration 
(PECmax), throughout the entire evaluation period, is used as a reference to evaluate the effects 
on non-target aquatic macrophytes. Effects are determined in standard toxicity testings with 
representative aquatic macrophytes such as Lemna spp. or Myriophyllum spp.. These standard 
toxicity testings are based on constant concentrations of the respective chemicals.  
However, this approach is unrealistic since in the field, under realistic conditions, not a 
constant concentration affects aquatic macrophytes, but a full exposure-profile with time-
variable concentrations. Moreover, this approach ignores most of the information from the 
exposure assessment that is available in terms of full annual exposure-profiles.  
The aim of this thesis was to develop a toxicokinetic and toxicodynamic growth model of M. 
spicatum that is able to predict uptake and elimination patterns of organic chemicals. 
Additionally, the model should be able to link the uptake and elimination patterns to effects 
on M. spicatum in terms of growth alterations. 
The model might be used to predict effects caused by long-term exposure-profiles. It closes 
the gap between the full exposure-profiles generated in the exposure assessment and the 
standard toxicity tests that are based on constant concentrations of toxicants.  
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Myriophyllum spicatum 
M. spicatum is a perennial, submersed aquatic macrophyte that is fixed to the sediment by its 
roots. M. spicatum develops flexible stems, each having leaves born usually in whorls of four. 
Leaves are pinnate with numerous leaflets each with a length between 0.3 and 2 [cm]. Flowers 
have a pinkish to red colour and are arranged in spikes. M. spicatum grows from the sediment 
to the water surface. After reaching the water surface, plants develop branches and build a 
dense canopy. Flowers develop not before plants breach the water surface (Patten, 1954). 
Through arenchymatic tissue within stems, M. spicatum plants obtain buoyancy. 
Myriophyllum belongs to the group of Angiosperms within the order of Saxifragales. With 
eight other genera it forms the family of Haloragaceae. The original distribution area of M. 
spicatum was Eurasia and North Africa (Couch and Nelson 1985) but in the middle of the 20
th
 
century, plants were introduced to North America where they appeared as invasive, nuisance 
species (Madsen et al. 1991).  Typical habitats of M. spicatum are standing or slowly flowing, 
eutrophic and lime deficient water bodies in areas with boreal to subtropical climates. M 
spicatum typically colonizes water bodies, having a depth of one to four [m] (Grace and 
Wetzel 1978; Nichols and Shaw 1986) but has also been found in water bodies having a depth 
of 10 [m] (Aiken et al. 1979)  
Risk assessment in edge-of-the field surface waters 
The European Food Safety Authority (EFSA) publishes regulations that state guidance on 
how risk assessments for single organisms, such as bees (EFSA 2013b), for groups of 
organisms, such as birds and mammals (EFSA 2009), but also for organisms in small-scale 
ecosystems, being close to areas where plant protection products are applied, such as aquatic 
organism in edge-of-field surface waters (EFSA 2013a) should be conducted.   
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To assess the risk of a chemical or of the active substance of a formulation to non-target 
aquatic organisms, living permanently in edge-of-field surface waters, detailed risk 
assessment schemes have to be conducted. The aquatic risk assessment scheme combines 
exposure and effect assessments.  
The exposure assessment is based on the FOCUS methodology (FOCUS 2006). By using a 
step-wise approach, surface water concentrations of a chemical are predicted as exposure-
profiles. While the first step is based on simple kinetics considering inputs of spray drift, run-
off, erosion and/or drainage as a single loading event to the water body, step two considers 
these inputs as individual loadings. The third step uses these loadings but, additionally, takes 
the variety of applications into account, by considering specific regional climates, soil 
properties, field topography, etc..  
Predicted environmental concentrations (PEC) profiles are estimated representative for ten 
geographical regions all over Europe, with areas from the south of Europe, such as Greece 
and Portugal to areas in the north, such as the United Kingdom and Sweden. Each area 
represents typical local properties, e.g. climatic conditions and soil properties.   
The effect assessment scheme follows a tiered approach with conservative assessments at 
lower tiers and less conservative but more realistic approaches at higher tiers (EFSA 2013a). 
When it is confirmed that risks are acceptable, based on a lower tier approach, no further 
higher tier assessments are necessary. Typically, lower tiers are standard toxicity tests using 
representative species, while higher tiers are, for example, studies based on more than one 
species, or studies considering population or community level effects.  
Toxicity endpoints derived from the effect assessment, as EC50 or HC5 (5th percentile of the 
species sensitivity distribution), are not directly used to evaluate environmental risks. To 
address uncertainties, toxicity endpoints are divided through an assessment factor. 
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Assessment factors are, in general, decreasing with increasing realism of the effect 
assessment. Thus, toxicity endpoints from higher tier approaches are related to smaller 
assessment factors as toxicity endpoints from lower tier approaches.  
To asses effects on macrophytes, the standard species for lower tier tests, that is most 
commonly used, is Lemna sp.. The advantages of Lemna are the ease in which it can be 
cultured, a fast growth rate, making it easy to detect growth alterations within small time 
scales and an official OECD guideline (OECD 2006a), describing the use of Lemna sp. for 
assessing the toxicity of chemicals. Besides, Lemna sp. is known to be, in general, one of the 
most sensitive macrophyte species (Cedergreen et al. 2004; Giddings et al. 2013). However, 
in some cases, the risk assessment has to be based on more than one species. This is the case 
when Lemna sp. is apparently not sensitive (e.g. EC50 > 1 [mg/L]), the chemical stimulates a 
plant growth hormone or affects dicotyledonous plants more than monocotyledonous. 
Macrophytes used, in cases where assessing the toxicity with Lemna sp. is not sufficient, are 
Myriophyllum spicatum, M. aquaticum and Glyceria maxima (EFSA 2013a).  
For M. spicatum and M. aquaticum, two OECD draft guidelines for toxicity testings are 
available (OECD 2013a; OECD 2013b). While the OECD (2013b) guideline describes the use 
of M. spicatum or M. aquaticum in a sediment/water test system, the OECD (2013a) guideline 
describes the use of M. spicatum in a sediment-free, axenic test system. The sediment-free 
axenic test system is similar to the ASTM (2004) test protocol of M. sibiricum.  
To evaluate the risk of a chemical within the aquatic risk assessment framework, the 
information from the exposure assessment in terms of PECs is related to a regulatory 
acceptable concentration (RAC) that is based on toxicity endpoints from the effect 
assessment. When the PEC is lower than the toxicity endpoint, it is expected that adverse 
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effects on aquatic organisms do not occur when the chemical is used, as specified during the 
exposure assessment. 
Toxicokinetic and toxicodynamic growth models in risk assessment in edge-of-
field surface waters 
Toxicokinetic and toxicodynamic growth models are mathematical terms that calculate the 
uptake, elimination and distribution of chemicals, as well as their impact on an organism. 
While toxicokinetics describe the uptake, elimination and distribution processes that cause 
internal concentrations in organisms, toxicodynamics describes the response of the organism 
to the internal concentration. While mechanistic models are frequently used in the exposure 
assessment of organisms living in edge-of-field surface waters (FOCUS 2006), they are not 
used in the effect assessment. Even though, toxicokinetic and toxicodynamic models offer the 
potential to provide beneficial information, since annual exposure-profiles, which are 
predicted in the exposure assessment, might directly be linked to the effect assessment as an 
entire exposure-profile, instead of only considering the maximum or in some cases the time 
weighted average (TWA) concentration. Classical toxicological test systems using 
macrophytes cannot be used to evaluate full exposure-profiles because of their relatively short 
test-duration of seven to 14 days, in contrast to the available annual exposure-profiles. 
Although, toxicokinetic and toxicodynamic models are a promising tool that might help to 
address open questions and increase the realism in risk assessment, they are not used by 
regulatory authorities. Reasons for omitting toxicokinetic and toxicodynamic models in the 
effect assessment are a lack of guidance on how models might be used and a lack of guidance 
on good modelling practice. EFSA opinions on the usage of models in aquatic risk assessment 
(EFSA-Q-2012–00960) and on good modelling practice (EFSA 2014) should increase the 
chance of toxicokinetic and toxicodynamic models to be used in future risk assessments. 
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Structure and aim of the thesis 
The aim of this thesis is to develop a toxicokinetic and toxicodynamic growth model of the 
macrophyte M. spicatum, as a tool to evaluate long-term exposure-profiles (Figure 1).  
 
Figure 1: General model concept 
 
Emphasis is given to the evaluation of time-variable exposure that regularly occurs in edge-
of-the field surface waters. 
A generalized model will be provided, that can be used to evaluate the impact of organic 
chemicals, in general. Another objective is to establish extrapolation methods by which 
parameters, necessary to use the model, might be estimated only with the information that is, 
for most chemicals, already available in the current standard risk assessment. 
The thesis is divided into six chapters where the first chapter gives a general introduction to 
the topic and the last chapter a general conclusion. The other chapters describe the model 
development step by step. Each of these chapters contributes to the development of the model 
and answers particular research questions. A short overview of the chapters and their 
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contribution to the model development () as well as the particular research questions () that 
were investigated to demonstrate the potential of a mechanistic effect model are listed below. 
 
Chapter II describes the development of a simple growth model of M. spicatum intended to 
predict growth under laboratory conditions. This model approach is later on used as a basis 
for developing further submodels. Since model approaches offer a range of applications, 
besides evaluating long-term exposure-profiles, two examples are presented on how this 
model approach can give insight into toxicity testing.      
 Developing a simple growth model of M. spicatum to predict growth under laboratory 
conditions. 
 How important is the repositioning of beakers during a toxicity test with M. spicatum to 
compensate light and temperature fluctuations within the experimental set-up? 
 Which toxicity endpoint is the most reliable one in terms of being comparable and 
producing representative results? 
 
Chapter III describes the development of a toxicokinetic M. spicatum submodel on the basis 
of the growth model described in Chapter II. The submodel can be used to calculate 
toxicokinetics of organic chemicals within M. spicatum.  
 Developing a mechanistic toxicokinetic model of M. spicatum. 
 How to estimate chemical-specific parameters necessary to use the toxicokinetic submodel? 
 Can the model be used to explain the root-to-shoot translocation of the herbicide Linuron? 
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Chapter IV describes the integration of toxicodynamics in the M. spicatum toxicokinetic 
growth model. Through toxicity tests with a sulfonylurea the ability of the model to predict 
effects of pulsed chemical exposure is shown. 
 Integrating toxicodynamics into the M. spicatum toxicokinetic growth model. 
 Is it possible to extrapolate from standard toxicity tests with constant exposure to pulsed 
exposure scenarios with the M. spicatum toxicokinetic and toxicodynamic growth model? 
 
Chapter V describes how the model might be used in a risk assessment context by evaluating 
exposure-profiles of two example chemicals, Isoproturon and Atrazine. Therefore, processes 
from an already existing growth model are integrated into the model to enable long-term 
growth predictions. 
 Integrating the annual life-cycle of M. spicatum into the growth model from (Chapter II) to 
predict long-term growth under field conditions.  
 Is the model capable to predict the long-term growth pattern of M. spicatum realistically? 
 How to convert model output to the risk assessment scheme? 
 Which are the most sensitive input parameters? 
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Introduction  
Laboratory toxicity tests are a key component of the aquatic risk assessments of chemicals 
(Brock et al. 2004). Laboratory tests are standardized to assure reproducibility and 
comparability. Therefore, working procedures exist – specific for countries or geographical 
regions (e.g. ISO, Europe; ASTM, US; DIN, Germany; OECD, international) - which 
describe the laboratory test procedures in detail.  
Most of the working procedures, concerning the use of aquatic macrophytes, recommend to 
randomly reposition plants during a laboratory test (ASTM 2004; OECD 2006a; Maltby et al. 
2010), since it is known that spatial fluctuations of ambient conditions within an experimental 
setup might occur. These fluctuations might account for some of the observed differences 
between the plants’ relative growth rates, especially, when repositioning is not carried out 
during a toxicity test. Light and temperatures fluctuations are very common in experimental 
set-ups, because it is impossible to keep both conditions entirely constant. Measurements in 
growth chambers showed severe fluctuations of environmental conditions. Measures et al. 
(1973) recorded variation of 8% in temperature and 25% in light intensity; Chelle et al. (2007) 
even recorded difference up to 86% in light intensity. 
The aim of this chapter was to develop a simple carbon flow based growth model of M. 
spicatum. This model was later on used as a basis for the other submodels developed in 
chapter III-V. The growth model was used to investigate the changes in the relative growth 
rates of M. spicatum plants caused by light and temperature fluctuations. As two additional 
examples how this modelling approach can give insight into toxicity testing, it was 
demonstrated which commonly used endpoints in toxicity testings with M. spicatum are the 
most reliable ones and how strong toxic effect on plant processes impact the relative growth 
rate.   
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Material and Methods 
Model development 
To calculate the growth of M. spicatum, the flow of carbon was simulated. The carbon 
assimilation was calculated as a function of light intensity, temperature, water-concentrations 
of dissolved inorganic carbon (DIC) and pH, as well as photorespiration and maintenance 
costs. The model simulates growth as dry weight per square meter in an artificial environment 
with no other than the mentioned functions being growth limiting (e.g.  assuming an ample 
supply of nutrient, absence of predators).  
A) Model concept  
Fig 1 shows an overview of the model structure, where solid arrows symbolize the flow of 
carbon. Grey boxes represent forcing functions that influence the flow of carbon depending 
on ambient biotic and abiotic conditions. The model is implemented in MATLAB (2012) and 
built on a system of differential equations. A numerical differential equation solver based on 
Runge–Kutta methods (MATLAB 2012) was used to solve the differential equations. 
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1. Plant growth: 
Plant growth (
  
  
) is calculated through equation 1, considering photosynthetic glucose 
assimilation (  f PAR ), photorespiration (          )), dark respiration (         )), as well 
as the current plant dry weight (       ). To link the amount of glucose produced through 
photosynthesis to the overall weight of a macrophyte, including different types of structures 
(e.g. proteins, carbohydrates, and lipids), the amount of glucose is divided by the mean 
construction costs (   ). 
Equation 1 
  
  
 = (
     )           )      ))
   
)                   ) 
1.1. Photosynthetic glucose assimilation  
The influence of the photosynthetically active radiation (     )), the temperature (   )), 
the pH (    )) and the concentration of dissolved inorganic carbon (     )) is described by 
a hyperbolic tangent function (Harley and Findlay 1994) (Equation 2). The term      )  
Figure 2: Model concept where grey boxes symbolize forcing 
functions and straight lines the flow of carbon. 
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    ) defines the maximum photosynthetic assimilation without considering light 
intensity.    is the light use efficiency of an organism and   a value to calibrate the equation 
to experimental data.   
Equation 2 
     )  (      )      ))         (
     
(      )      ))
)     ) 
1.1.2 Dependencies 
Temperature dependency  
The interaction of temperature ( ) on photosynthesis is described by a Lorentzian peak 
function (Equation 3) (Lewicka and Pietruszka 2006) with    )    the maximum response, 
    the optimum temperature and   an additional parameter to calibrate the equation to 
experimental data.   
Equation 3 
   )   
   )   
  (
      
 )
  
1.1.3. DIC & pH dependency 
The influence of the pH and the DIC was integrated by a sigmoidal log-logistic function with 
     the maximum response,   the recent pH or DIC condition,     the pH or DIC at half of 
the maximum response and   an additional parameter to calibrate the equation to experimental 
data.   
Equation 4 
     )        )   
    
  (
 
   
)
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Equation 4 can be used to describe typical dependencies between the photosynthetic 
assimilation and the concentration of DIC, where photosynthesis increases with increasing 
inorganic carbon concentrations until carbon saturation occurs (Van et al. 1976; Adams et al. 
1978). Inorganic carbon concentrations above the level of saturation do not promote 
photosynthesis any more.  
Equation 4 can also be used to describe typical dependencies between the photosynthetic 
assimilation and the pH. The pH influences macrophyte growth by regulating the ratio of 
different inorganic carbon species. Macrophytes differ in their efficiencies in using different 
species of inorganic carbon (Sand-Jensen and Gordon 1984; Vadstrup and Madsen 1995). The 
pH-dependent ratio of carbon dioxide and bicarbonate can be described as a sigmoid function 
(Eshel and Beer 1986). 
1.2. Respiration 
1.2.1. Photorespiration 
An exponential function, (Equation 5) depending on the ambient temperature ( ), was used to 
calculate respiration with   (zero of the function) and  , a parameter to calibrate the equation 
to experimental data. Using an exponential function to describe the temperature dependency 
of respiration is in accordance with experimental records of respiration of aquatic 
macrophytes (Marsh et al. 1986; Owttrim and Colman 1989) and terrestrial plants (Wythers et 
al. 2005).   
Equation 5 
         )           ) 
1.2.2 Dark respiration 
The model considers photorespiration (Equation 5) and maintenance costs (Equation 6) which 
can also be described as dark respiration. Dark respiration costs are calculated as described in 
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Equation 6 by dry weight values of each compartment (                    )), maintenance 
factors for each compartment (               )) and a temperature dependent factor 
(       )) (Best and Boyd 1999). 
Equation 6 
        )   ∑                )                      )         )
             )
               )
 
Parameterization 
The model was parameterized by using already published data. If necessary, published 
information (e.g. charts or drawings) was digitalized and quantified. Table 1 displays the 
model parameters and their references used for the established equations. SIGMAPLOT 
(2012) was used to calibrate the explained functions to the experimental data using the least 
squares method.  
 
Table 1: List of parameters used for the model approach including their values, units and references. 
Parameter Value Equation Unit R² Reference 
   dG/dt [g biomass m
-2
 t
-1
]   
MCC 1.111  [g Cn(H2O)n g biomass
 -1
]  see 
explanation 
below 
   f(PAR) [g Cn(H2O)n  g biomass
 -1
 m
-2 
h
-1
]   
LE 2.78 x 10
-4
  [mg C µmol photons
-1
 g biomass
 -1
] 0.76 * Godmaire 
and 
Nalewajko 
(1989) 
a 0.076 [-] 
   f(T) [-]   
Topt 32.694  [°Celsius] 0.95 * Titus and 
Adams 
(1979b) 
f(T)max 1.001 [relative] 
b 14.053 [°Celsius] 
   f(pH) [mg C g biomass
-1
 h
-1
]   
pH50 8.196  [mg C g biomass
 -1
 h
-1
] 1 * Titus and 
Stone (1982) 
f(pH)max 9.700 [mg C g biomass
 -1
 h
-1
] 
c 12.177 [-] 
   f(DIC) [mg C g biomass
 -1
 h
-1
]   
DIC50 7.074  [mg C(DIC) L
-1
] 0.96 * Godmaire 
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f(DIC)max 10.693 [mg C g biomass
 -1
 h
-1
] and 
Nalewajko 
(1989) 
c -2.121 [-] 
   fd_resp(T) [g Cn(H2O)n 
 
biomass
-1 
d
-1
]   
ML 0.016  [-]  Best and Boyd 
(1999) MS 0.010 
MR 0.015 
TEFF(T) 0 - 12 
   fp_resp(T) [%]   
d 2.452  [°Celsius
-1
] 0.93 * Owttrim and 
Colman 
(1989) 
g 0.069 [-] 
     * calibrated to 
data of 
 
The model approach considers only the leaves (dry weight of leaves), not the stems, to be 
photosynthetically active, as the leaves represent most of the surface (more than 80%) of M. 
spicatum (Sher-Kaul et al. 1995) and the amount of chlorophyll is highest in leaves (Azcon-
Bieto et al. 1987). The influence of pH on photosynthesis (Equation 4) is integrated in the 
model by a relative dimensionless factor which is set to one at a pH of seven. This pH was 
present in the experiments of Godmaire and Nalewajko (1989) that were used to parameterize 
the light dependent photosynthetic glucose assimilation. The calculated weight of assimilated 
carbon Cn (molecular weight of 12) is multiplied by a factor of 2.5 (30/12) to receive the 
approximate carbon equivalent of glucose (Cn(H2nO)n, molecular weight of 30). This approach 
reflects the photosynthetic processes in which inorganic carbon and energy supplied by 
irradiance are used to build glucose. A mean construction cost value of 1.111 is used to 
convert the amount of glucose to plant biomass dry weight. The value is 10% higher than the 
value of 1.01 reported by Spencer et al. (1997), but lower than the value of 1.54 used by Best 
and Boyd (1999). A value of 1.111 was chosen, because the lower experimental value of 
Spencer et al. (1997) does not consider transport costs. The higher value of Best and Boyd 
(1999) considers transport costs, but is related to a chemical composition of M. spicatum that 
is not in concordance with other reported values.  A fat content of 8% (related to dry weight),  
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as used by Best and Boyd (1999) is, at least, more than threefold higher than values reported 
elsewhere (Mc Knight and Hepp 1998; Boyd 1968; Lovett-Doust et al. 1997). Accordingly, 
the model assumes the transport cost to be 10% of the glucose/biomass ratio. The 
photorespiration is a percentage of the photosynthetic assimilation parameterized to the data 
describing photorespiration of Owttrim and Colman (1989). Relating the photorespiration to 
the photosynthetic activity, is to cope with the strongly varying respiratory activities of M. 
spicatum (Bowes and Salvucci 1989). The calculated yield in plant dry weight is partitioned 
into leaves (55%), stems (35%) and roots (10%). These values are the average of the 
measurements of Jiang et al. (2008) who recorded the accumulation of dry weight of M. 
spicatum to different organs at various plant densities.  
Model analysis  
Model testing 
To test if the model is able to simulate laboratory plant growth properly, two growth 
experiments (A & B) were conducted for 21 days in two different test systems (non-axenic & 
axenic). Measured growth was compared to growth predictions of the model, using the biotic 
and abiotic ambient conditions, recorded during the laboratory experiments, as input data. To 
obtain plants throughout the year, a stock culture of M. spicatum was established using the 
procedure described by OECD draft guideline (2013a). For experiment A several plants were 
removed from the stock culture. Plant parts containing roots or shoot tips were removed. 
Remaining plant parts were further divided into approximately five centimetre long 
fragments. The fragments were washed with deionized water for 30 minutes and placed in 
Fernbach flasks, containing tap water. Tap water was changed every three days to prevent 
algae growth. During a period of four weeks, the plant fragments developed new shoots. For 
experiment B plants from the stock culture were used without any additional preparations. 
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Growth experiments 
In experiment A the newly developed shoots with a length of four centimetres were placed in 
12 one liter beakers with a height of 18 [cm] and a diameter of ten [cm], filled with 200 [g] 
sediment (produced in accordance to OECD guideline 219 (OECD 2004)) and with one liter 
Andrews’ solution (ASTM 2004). One M. spicatum plant with a length of four [cm] was 
placed in each beaker. The plants were grown for 21 days. The nutrient solution was entirely 
changed every three days to prevent algae growth. Light was provided by cool-white 
fluorescent tubes at an intensity of 100 [µmol photons / m² s] and a daily photoperiod of 16 
hours. Temperature was kept at 20 ± 0.5 [°C]. Four plants were collected every week and the 
dry weight was measured. Dry weight measurements were done after drying plants for at least 
48 hours at 60 [°C]. DIC concentrations and pH were determined each day. DIC analysis was 
based on the procedure described in Quentin et al. (1976).   
 In experiment B, growth of M. spicatum under axenic conditions was recorded. Therefore, 18 
axenic M. spicatum plants with a length of 2.5 [cm] were placed separately in sediment-free 
glass cylinders with a diameter of three and a length of approximately 20 [cm], containing 
modified (3% sucrose) Andrews´ nutrient solution (ASTM 2004). The light intensity and 
photoperiod as well as the drying procedure of harvested plants were equal to the ones applied 
in experiment A. The temperature was kept at 22 ± 0.5 [°C]. Every week, six plants were 
collected and the dry weight was measured. For a detailed description of the axenic sediment-
free experimental procedure see OECD draft guideline (2013a). Because experiment B was 
conducted in a closed test system under axenic conditions, DIC concentrations were not 
measured and pH was determined at test initiation only.  
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Temperature and light fluctuations 
The model approach was used to analyse the benefits of randomly repositioning individual 
plants during an experiment, where fluctuations of light and temperature occur.    
Therefore, the experimental design recommended by OECD draft guideline (2013b) was used 
as a basis for simulations. While the initial dry weight (30 [mg]), DIC concentration (10.2 
[mg/L]) and pH (8) were assumed to be constant throughout the simulation, temperature (20 
[°C]) and light intensity (140 [µmol photons / m² s]) were randomly chosen, only limited by 
specific boundaries. These boundaries were percentages (±10%, ±20%, ±30%) for light 
intensity and temperature, as mentioned in the OECD draft guideline (2013b). The 
distribution of predicted RGRs was analysed by randomly choosing light intensities and 
temperatures once a day or just at the beginning of a 14-day simulation. The RGR was 
calculated according to Equation 7 where         is the predicted dry weight and   the 
duration in days.  
 
Equation 7 
     
            )             ))
  
 
Toxicity analysis  
To show how the model can give insight into toxicity tests, two additional examples, based on 
analysing toxic effects, were conducted. The model was used to investigate the effects of 
some herbicides by stimulating respiration (Diquat; Moreland 1976) and inhibiting 
photosynthesis (Linuron; Snel et al. 1998). It was investigated how strong model processes 
must be altered to see effects on the RGR. 
As another task, the model was used to analyse the influence of temperature and light levels 
on four predicted endpoints (total dry weight, yield dry weight and RGR dry weight as well as 
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the rarely used endpoint area under the curve (AUC)) when a 50% inhibition of 
photosynthesis is integrated into the model.  AUC was calculated via the trapezoidal method 
using MATLAB (2012) by estimating the area under the dry weight curve when plotted 
against time (extrapolated from daily values). To show how strong some of the endpoints are 
dependent on the experimental design, minimum, maximum and average light and 
temperature levels, in respect to the ranges given in the M. spicatum OECD draft guideline 
(2013b), were used. 
Uncertainty analysis 
To determine the uncertainty of model predictions an uncertainty analysis was conducted 
using the program SIMLAB (2012) and the method of Sobol (2001).  
The dry weight after 14-days was predicted for 20,480 (sample size is determined by Sobol´s 
(2001) approach) model runs using different parameter-sets. The ranges of the parameters 
were based on the confidence intervals of the parameters in Table 2. Confidence intervals 
were calculated using the standard errors from the calibration procedure and the approach of 
Hackshaw (2009). The parameters and their respective confidence intervals are listed in Table 
2.   
Table 2: List of parameters used in the uncertainty analysis including their values, standard errors and 
confidence intervals. 
Equation Parameter Value Std. error 95% Cl 
f(T) f(T)max 1.001 0.044 0.915 1.086 
  b 14.053 1.272 11.559 16.546 
  Topt 32,694 0.693 31.337 34.052 
f(DIC) f(DIC)max 10.693 1.308 8.129 13.256 
  c -2.121 0.682 -3.458 -0.784 
  f(DIC)50 7.074 1.209 4.703 9.444 
f(PAR) a 0.076 0.012 0.053 0.100 
fp_resp(T) d 2.452 1.157 0.184 4.720 
  g 0.069 0.015 0.040 0.098 
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Results 
Model testing 
Growth of M. spicatum in a sediment-free, axenic and sucrose containing test system (OECD 
draft guideline 2013a)) and in a non-axenic, sediment containing test system (OECD draft 
guideline 2013b) was recorded and compared with model predictions.   
The recorded growth of M. spicatum is differentiating strongly in both test systems (under 
non-axenic (A and axenic conditions (B). Model predictions of growth are in agreement with 
the experimental data of experiment A, but not in accordance with experiment B (Fig 2; solid 
line). However, when assuming an ample supply of inorganic carbon (to account for the 
growth promoting effects of sucrose) model predictions are also in agreement with the 
experimental recorded growth in experiment B (Fig 2; dashed line).  
 
Figure 3: Experimental recorded (black points) and predicted (blue line) growth in Experiment A and B 
(dashed line: assuming an ample supply of DIC to account for the effects of sucrose). 
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Temperature and light fluctuations 
Temperature and light fluctuations are commonly observed within experimental set-ups of 
toxicity test. Since both conditions play a crucial role in the regulation of plant growth, it was 
investigated how important it is to randomly reposition individual plants. 
Randomly repositioning of individual plants within an experimental set-up, that shows spatial 
fluctuations of light and temperatures, causes different RGRs of individual plants (Fig 3). 
When these fluctuations increase, the range of RGRs also increases. Skipping the 
repositioning of individuals, although, spatial fluctuations of light and temperatures occur, 
will cause clearly wider ranges of individual RGRs (Figure 4). Maximum light and 
temperature fluctuations of up to 30% can cause changes in RGRs of up to 10% (95th 
percentile) if plant are being randomly repositioned and of up to 31% (95th percentile) for 
plants experiencing no repositioning. While in this case, equally to the one where 
repositioning was conducted, the range of RGRs increases with increasing fluctuations, the 
differences between simulations where repositioning was conducted, are large. While light 
and temperature fluctuations of up to 20% cause RGR ranges within ± 10% (related to the 
RGR under constant light and temperature conditions), RGRs ranges are above ± 20% when 
repositioning is not conducted. 
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Figure 4: Boxplots showing the distribution (from 100,000 simulations) of the relative growth rates (RGR) 
depending on random light and temperature fluctuations when daily repositioning of beakers is (right) or 
is not (left) performed. 
 
 
Toxicity analysis  
Two additional examples, besides analysing temperature and light fluctuations, were 
conducted to demonstrate how modelling can give insight into modes of action and the 
determination of toxicity endpoints.   
To be able to link effects in terms of a reduced RGR of M. spicatum to specific modes of 
action, plant respiration was either increased or the photosynthesis decreased. When 
respiration is increased by a factor of seven, RGRs are reduced by approximately 50%. 
Increasing respiration by factor above 15 will inhibit the RGR entirely (Figure 5). Inhibiting 
photosynthesis is more directly linked to the RGR. When photosynthesis is reduced by 50% 
(factor of 0.5) the RGR is inhibited by approximately 60%. Reducing the photosynthesis by 
90% (factor of 0.1) might be sufficient to inhibit the RGR entirely. 
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Figure 5: Factors applied to the respiration (left) and to the photosynthesis (right) and their impact on the 
relative growth rate of M. spicatum. 
 
To determine which commonly used endpoints are the most reliable ones and independent on 
the experimental design, model based toxicity analyses were conducted when a 50% 
inhibition of photosynthesis was integrated into the model. While the endpoints total dry 
weight and AUC are dependent on the experimental duration and the light and temperature 
levels, the endpoints yield dry weight and RGR are independent of the experimental design in 
terms of delivering constantly the same results (Figure 6). The inhibition of endpoints is 
above or below 50%, although, a 50% inhibition of photosynthesis was applied to the model 
before the analysis. While RGR and yield dry weight overestimate, AUC and total dry weight 
underestimate the underlying impact on photosynthesis.  
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Figure 6: Inhibition of different laboratory endpoints when a 50% photosynthetic inhibition is integrated 
into the model at low (120 [µmol photons m
-2
 s
-1
], 18 [°C]), medium (140 [µmol photons m
-2
 s
-1
], 20 [°C]) 
and high (160 [µmol photons m
-2
 s
-1
], 22 [°C]) light and temperature levels. 
 
Uncertainty analysis 
Uncertainty analysis based on the confidence intervals of the model parameters showed that 
the dry weight predictions are in the approximate range of ± 50% (Figure 7). Results indicate 
that the uncertainty of overestimating the dry weight is larger than of underestimating it. 
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Figure 7: Uncertainty of 20,480 dry weight predictions in terms of deviations to the dry weight predicted 
with the standard parameter-set. 
 
 
Discussion 
Model testing 
While model predictions are in agreement with growth in the sediment/water, non-axenic test-
system, model predictions of growth in the axenic, sediment-free and sucrose containing test-
system are not in agreement with the recorded growth.  
Since the nutrient status of the water was the same in both experiments, the sucrose must have 
increased the yield of the plants’ dry weight (Roshon 1997). Assuming an ample supply of 
inorganic carbon in the axenic, sucrose containing test-system, while simulating growth, 
results in model predictions, that are in agreement with experimentally recorded growth 
(Figure 3). Therefore, model simulations support the hypothesis that sucrose is not directly 
used by M. spicatum replacing photosynthetic assimilation, but as a carbon source. Despite 
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the agreement between model predictions and experimental data, some uncertainties remain 
because of input data that was estimated in cases when measurements were, due to the 
experimental design, not possible (Table 3). It has to be noted, that the experimental data used 
for testing the model is limited because of a small number of replicates.  
Table 3: Input data used for model testing and the respective experimental measurements. 
Description Measured value Model-input 
Experiment 
A 
Experiment 
B 
Experiment 
A 
Experiment 
B 
Temperature [°C] 20 ± 0.5 22 ± 0.5 20 22 
Irradiance [µmol photons m
-2
 s
-1
] 100 100 100 100 
DIC [mg C L
-1
] 4 (SD: 1.5) n.d. 4 4* 
pH 5 (SD: 0.46) 5.8 6 5.8 
Light/dark cycle [hours] 16/8 16/8 16/8 16/8 
Duration [days] 14 14 14 14 
* Assumed to be equal to experiment A     
 
The exact mechanism that promotes growth of M. spicatum under sucrose supplementation 
might be complex and cannot be diagnosed with this model approach. While for aquatic 
plants the knowledge about the influence of sucrose is limited, more data are available for 
terrestrial plants. Eckstein et al. (2012) and Begna et al. (2002) observed that Arabidopsis 
thaliana, Amaranthus retroflexus, Chenopodium album and Abutilon theophrasti showed an 
increase in the number of leaves and the total leave area as well as a greater dry weight and 
shoot to root ratios under sucrose supplementation. This is in line with the behaviour of M. 
spicatum under sucrose supplementation. Research suggests that this increase is caused by 
promoting cell division in apical meristem (Van’t Hof et al. 1966). In general, it is known that 
sucrose acts in signalling pathways by targeting transcription factors and through this induces 
the expression of genes. For Vitis vinifera it was shown that transcription factors that 
influence the auxin homeostasis and the production of cell wall degrading enzyme are 
targeted by sucrose (Lecourieux et al. 2014). Harn et al. (2000) and Wang et al. (2001) 
demonstrated that sucrose influences the regulation of genes which inactivates/activates starch 
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synthesis. Pamplin and Chapman (1975) showed that chlorophyll synthesis in carrot root 
tissues is reduced when grown on a medium containing sucrose. Kojima et al. (2007) 
discovered that sucrose promotes ribosome synthesis and the expression of specific cyclins in 
Arabidopsis thaliana.  
It seems that sucrose plays a major role in several developmental processes as inducing 
flowering and senescence (Tognetti et al. 2013). With the complex interactions of sucrose, it 
is not possible to determine if the enhanced growth of M. spicatum is due to sucrose being 
used as a carbon source or because of another mechanism triggered by sucrose. Although, it 
can be expected that the inorganic carbon level must have been very low in the closed, axenic 
test system because carbon dioxide exchange between the solution and the air was not 
possible. The hypothesis that sucrose might be used as a carbon source is in accordance with 
the conclusions of Riou-Khamlichi et al. (2000), stating that carbon availability in the form of 
sucrose is likely to be a major determinant of cell division and is in line with the findings of 
Roshon (1997) that sucrose can be used as a carbon source by M. sibiricum. 
It is arguable, if toxicological test systems containing sucrose in the nutrient solution will 
provide results that can be used representative for plants being grown in the absence of 
sucrose because of the complex interactions of sucrose. Especially for detecting growth 
alterations caused by photosynthetic inhibitors, sucrose supplementation might reduce the 
effects since photosynthetic activity decreases with increasing sucrose leaf content (Sawada et 
al. 2001) and sucrose injections suppress photosynthesis in soybean (Abdin et al. 1998)  
(Assuming that sucrose is taken up as an entire molecule without prior degradation). On the 
other hand, Mohr et al. (2013) did not detect appreciable different toxicological responses of 
M. spicatum grown in sucrose containing and sucrose-free toxicological test systems even 
when evaluating effects of photosynthetic inhibitors.  
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Moreover, it cannot be excluded that sucrose supplementation increases the accumulation of 
glucose and fructose in plants. Since the vacuolar accumulation of fructans is involved in 
abiotic and biotic stress responses (Van den Ende and El-Esawe in press) and 
oligosaccharides, which are synthesized from sucrose, might act as signal in response to stress 
or as antioxidants (Elsayed et al. 2014), behaviour of plants to toxicants might be different to 
plant grown without sucrose supplementation.  
Temperature and light fluctuations 
As shown, the regular repositioning of individual M. spicatum plants during a toxicity test, 
where light and temperature fluctuations occur, is important to keep differences in the plants’ 
relative growth rates as small as possible. Homogenous growth of individual plants is 
important to be able to clearly detect growth alterations. Fluctuations of light intensities and 
temperatures are very common in experimental set-ups, since it is impossible to keep both 
conditions entirely constant. Measurements in growth chambers showed severe fluctuations of 
environmental conditions. Measures et al. (1973) recorded variation of 8% in temperature and 
25% in light intensity; Chelle et al. (2007) even recorded difference up to 86% in light 
intensity. These strong fluctuations show how important it is to randomly place test beakers 
and to regularly switch their positions during a laboratory test, as recommended in most 
working procedures for aquatic macrophytes (Maltby et al. 2010; OECD 2006a; OECD 
2011). High temperature and light fluctuations might be compensated by repositioning, but 
the higher the fluctuations are, the wider the relative growth rate ranges are, even if 
repositioning is performed.   
Toxicity analysis 
The model approach was used to analyse how strongly processes must be altered to see effects 
on the RGR of M. spicatum. Inhibiting the photosynthesis is nearly in a one-to-one manner 
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linked to the inhibition of the RGR. This means that inhibiting the photosynthesis by 50% will 
also decrease the RGR by approximately 50%. Since the RGR is based on photosynthesis and 
respiration, effects were not equal to the photosynthetic inhibition. 
A direct one-to-one linkage between an increase in respiration and a decrease of RGRs, in 
terms of increasing respiration by 50% and having a 50% reduction of RGRs, was not 
detected. However, the model showed how intensely the respiration must be increased to see 
growth rate alterations. With this information, it is possible to link reduced growth rates and 
herbicide concentration to determine the alteration of respiration. This kind of toxicity 
analysis might help to draw conclusions between the endpoints that are measured in toxicity 
tests with M. spicatum and the magnitude in which physiological processes are inhibited. 
Moreover, the model approach can be used to extrapolate endpoints from toxicity tests to 
endpoints being based on plant dry weight. This means that EC50 values being based on the 
photosynthetic inhibition or on an increase of plant respiration can be extrapolated to EC50 
values of plant biomass in terms of dry weight. A similar, but descriptive and not model-
based, approach was done by Mallakin et al. (2002) by measuring the photosynthetic 
inhibition of Lemna gibba under chemical exposure and relating these EC50s to EC50s being 
based on an inhibition of growth. Also Magnusson et al. (2008) found a linear relationship 
between EC50s based on RGR and EC50s based on photosynthesis of tropical microalgaes. The 
linear relationship of one-to-one is approximately in accordance with the model results 
(Figure 5). It might be an option to determine EC50s related to photosynthetic inhibition, as a 
non-destructive endpoint, and extrapolate to destructive endpoints, as plants dry weight. Total 
dry weight and AUC are strongly influenced by the experimental test design. Changing the 
experimental duration, as well as using low or high light and temperature levels caused 
differences of predicted endpoints, although, the same degree of growth inhibition was 
applied to the model. The predicted endpoint RGR dry weight was hardly influenced by 
Chapter II: Effects of light and temperature fluctuations on the growth of Myriophyllum 
spicatum in toxicity tests - A model based analysis 
32 
 
different test designs providing the most reliable and comparable results over all simulations. 
These results were not a surprise and already expected, as from a mathematical point of view, 
RGR and endpoints that exclude the initial weight (yield dry weight) deliver more comparable 
results being robust against deviations in test conditions (Nyholm 1985; Bergtold and 
Dohmen (2010).  However, it has to be kept in mind that this analysis did not consider 
sensitivity of endpoints which must be regarded when choosing a useful endpoint (Arts et al. 
2008). Assuming that weight based endpoints are sensitive, it can be recommended to use 
RGRs or yields. 
How the growth model approach can contribute to macrophyte toxicity testing 
Instead of establishing guidelines by meaningful instructions without knowing the exact 
benefit of each step, modelling approaches can be used to quantify the benefit of these 
instructions without conducting time and labour intensive experiments. Although, some 
models already exist that are used to address different areas of toxicity testing (Schmitt et al. 
2013; Preuss et al. 2009; Ashauer et al. 2007), only few models focus on establishing and 
evaluating toxicity working procedures (Preuss et al. 2011; Ratte 1996). As an example how 
modelling can contribute to macrophyte toxicity testing, it was shown how important it is to 
reposition individual M. spicatum plants during a laboratory test where light and temperature 
fluctuations occur. As an additional example, it was demonstrated why the endpoint RGR is 
the most reliable one. The model can also be used for extrapolating EC50s, in terms of 
extrapolating EC50s being based on photosynthetic inhibition to EC50s being based on growth.  
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Introduction 
Knowledge of toxicokinetic processes is important in order to understand the chemical 
exposure inside organisms. These processes also play a crucial role in the assessment of toxic 
effects on organisms, especially in aquatic systems, where pulsed exposure events regularly 
occur. However, in aquatic risk assessment, toxicokinetics are hardly considered, because of 
the time and labour that specially designed toxicokinetic experiments demand. A less costly 
alternative are mechanistic models, capable of predicting time-dependent concentrations 
within aquatic organisms. Such models are already available for invertebrates (Preuss et al. 
2009; Ashauer et al. 2007) and also for the macrophyte Lemna (Schmitt et al. 2013). 
Unfortunately, no mechanistic model is available for the rooted, dicotyledonous macrophyte 
M. spicatum, except for a general macrophyte model (Wolf et al. 1991) applicable to several 
macrophytes. However, this model does not consider root uptake which is necessary to predict 
sediment exposure.  
In this chapter, the growth model of M. spicatum (Chapter II) is coupled with an easy to 
parameterize toxicokinetic submodel, providing a mechanistic model which can be used to 
predict time-dependent toxicokinetics of chemicals for different plant compartments including 
roots. Toxicokinetic predictions are based on plant characteristics, as well as physicochemical 
properties of respective chemicals. Besides a general toxicokinetic model for M. spicatum, 
methods are provided, how chemical-specific parameters, necessary to run the model, can be 
estimated without conducting toxicokinetic experiments for each chemical.   
 
Materials and Methods 
This section can be divided into three main parts. The first one describes the experimental 
procedure and the experimental setup that was used to conduct toxicokinetic experiments with 
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M. spicatum. The second part specifies the model approach that was used in this work. The 
last part of the material and methods section explains in detail how data from external sources 
were used to derive toxicokinetic parameters.  
Kinetic experiments 
Plant culturing 
To obtain plants throughout the year, a stock culture of M. spicatum was established, using 
the procedure described by Maletzki et al. (2010).  Prior to toxicokinetic experiments, several 
plants were removed from the stock culture. Plant parts containing roots or shoot tips were 
removed. Remaining plant parts were further divided into approximately five centimetre long 
fragments. The fragments were washed with deionized water for 30 minutes to remove the 
nutrient solution and placed in Fernbach flasks containing tap water. Tap water was changed 
every three days to prevent algae growth. During a period of four weeks, the plant fragments 
were grown to developed new shoots. For toxicokinetic experiments, the newly developed 
shoots with a length of four centimetres were used.  
Chemicals  
[phenyl-UL-14C] – Isoproturon (3-(4-Isopropylphenyl)-1,1-dimethylurea) (specific 
radioactivity 114 µCi/mg) and  [phenyl-UL-14C] – Iofensulfuron (1-(2-Iodophenylsulfonyl)-
3-3-(4-methoxy-6-methyl-1,3,5-triazin-2-YL)urea) (specific radioactivity 101.1 µCi/mg) with 
a radiochemical purity > 89% were obtained from Bayer CropScience AG, Isotope Chemistry, 
Wuppertal, Germany.  
Uptake and elimination experiments 
Uptake and elimination experiments were conducted in gas wash bottles, each with a capacity 
of approximately 100 [ml] (height: 20 [cm]; diameter: three [cm]). Each bottle was filled with 
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50 [ml] water containing 40 [µg/L] radioactive labelled Isoproturon or 47 [µg/L] radioactive 
labelled Iofensulfuron, corresponding to a radioactivity of 10,000 [dpm/ml].  Before sealing 
the gas wash bottles with ground glass stoppers, preventing gas exchange, one shoot was 
placed into each of the bottles.  
For uptake experiments, shoots were removed from the bottles at different sampling dates and 
dabbed with extra soft facial tissues to absorb water, attached on the outer surface of the 
shoots. Before drying the shoots for at least 24 hours at 50 °Celsius and recording the dry 
weight, the shoot fresh weight was measured. In order to investigate, if the uptake of 
chemicals into M. spicatum is influenced by active, energy dependent processes, in addition to 
passive transport, some shoots were exposed to sodium azide for at least 72 hours prior to the 
experiments. Sodium azide inhibits the Adenosine-5'-triphosphate (ATP) production, thus, 
kills plant cells and prevents any active processes influencing the toxicokinetics. A 
concentration of 2 [g/L] azide was used to inactivate the plants in accordance with 
Pavlostathis et al. (1998). In the following, plants exposed to sodium azide are referred to as 
inactivated plants. 
For elimination experiments, the water in the bottles, containing the radioactive labelled 
chemical, was removed after accumulation phases of different durations. The gas wash 
bottles, each including one shoot, were briefly flushed with five millilitre of water to remove 
chemical residuals from the glass surface. Afterwards, the bottles were filled up with 100 [ml] 
water and sealed again. The water in the bottles was entirely replaced with clean water every 
24 hours. On each sampling date, shoots were removed from the gas wash bottles and the 
same procedure as in the uptake experiments was used to measure dry and fresh weight of 
each shoot. 
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Water and plant analysis 
One millilitre of solution of each gas wash bottle was analysed by liquid scintillation on each 
sampling date (solvent: Irga Safe Plus solving liquid; counter: LS6500 Multi-Purpose 
Scintillation Counter). 
For analysing plants, cellulose cones, each including one shoot, were combusted for three 
minutes using a sample oxidizer (OX-500, Perkin Elmer). 14-C carbon dioxide formed during 
combustion was trapped in solving liquid and measured using a scintillation counter (solvent: 
Oxysolve C-400; counter: LS6500 Multi-Purpose Scintillation Counter). Measured values 
were related to fresh and dry weight of single shoots.  
Model development 
The toxicokinetic model is intended to extend the growth model of M. spicatum (Chapter II), 
being able to dynamically calculate toxicokinetics of organic chemicals within M. spicatum. 
The model should provide a concept to analyse transport processes in terms of distribution 
and accumulation.  
Model concept 
Figure 8 illustrates the different compartments and transport processes (arrows) which are 
considered in the model. The plant is subdivided into upper plant compartments (leaves and 
stems) and a belowground compartment (roots). Changes of concentrations in the different 
compartments are calculated simultaneously by a system of first order differential equations. 
These equations are used to calculate two general transport processes, one describing the 
uptake from external solution to plant compartments and the elimination from compartments 
to external solution, the other one describing upward transport from compartment to 
compartment.  
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Figure 8: Model concept and interaction of the toxicokinetic submodel and the growth model from 
Chapter II, where grey boxes represent input data necessary to run the model and where parentheses 
represent model processes (DIC: dissolved inorganic carbon). 
 
Model approach 
The change of internal concentration in each compartment (
             
  
) is calculated by 
Equation 8 to Equation 10, considering uptake and elimination rates, as well as internal 
transport processes. Uptake from external solution is dependent on the uptake rate constant, 
elimination on the elimination rate constant and the plant/water partition coefficient (   ) of 
a chemical. Uptake, as well as elimination rates, are defined by the cuticular permeability 
(     ), the surface area ( ) and the internal or external water concentration. Next to 
transport processes from external to internal, Equation 8 considers internal transport processes 
representing the xylem-sap flow in plants from roots to aboveground compartments. These 
internal transport processes are dependent on the xylem-sap flow rate (   ) and the 
plant/water partition coefficient (   ). By linking the calculated internal amount of a 
chemical to the total plant volume (            ) internal concentrations are obtained.  
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The plant/water partition coefficient (   ) is calculated by Equation 11, considering the 
partition coefficient of different chemical constituents of the plant (water, lipids, proteins and 
carbohydrates) and their proportional volume in relation to the overall plant volume (Schmitt  
2008).   
Equation 11 
     
                                                        
      
 
            is set to be equal the octanol/water partition coefficient because of similar 
properties of lipids and octanol (lipophilic & non-polar) and      is set to one.           
(carbohydrates) and         (proteins) are calculated using Equation 12 and Equation 13.  
Equation 12 
         )           (        )         (Hung et al. 2010) 
Equation 13 
   (    )                  )    (Schwarzenbach et al. 2005) 
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The equations describe the equilibrium partitioning of a chemical to carbohydrates or proteins 
in dependence of its lipophilicity in terms of the respective octanol/water partition coefficient. 
In addition to the already described equations, a sink term describing metabolism, was 
integrated into the model (Equation 14) with      as the metabolic rate of the metabolite, 
      as the cuticular permeability of the metabolite,      representing the concentration of 
the metabolite inside the plant,      as the concentration of the parent chemical in the plant 
and     being the metabolite-compartment/water partition coefficient. 
Equation 14 
                 )
  
  
                       (        
    
   
)
            
 
M. spicatum specific parameterization 
Plant volume (  ) is calculated from fresh weight, assuming a density of one. If necessary, dry 
weight is converted to fresh weight by multiplying it with a factor of 6.5 (derived from own 
experiments). Volumes of different plant constituents were calculated using available data of 
single constituents and their percentage of the total plant weight (Table 4).  
Table 4: Parameterization of the toxicokinetic model. 
Parameter Description Value Unit Reference 
A Surface area 2100 [cm² g dry weight
-1
] Nielsen & 
Sand-Jensen 
(1991) 
Cext External concentration  [µg/ml] [-] 
Ci Internal concentration compartment i  [µg g fresh weight
-1
] [-] 
Cint Internal concentration entire plant  [µg g fresh weight
-1
] [-] 
Cmet Internal concentration of metabolite  [µg g fresh weight
-1
] [-] 
kmet Metabolic rate  [d
-1
] [-] 
Kmw Metabolite-compartment/water 
partition coefficient 
 [-] [-] 
Kpw Plant/water partition coefficient  [-] [-] 
PMcut Cuticular permeability  [cm d
-1
] [-] 
PMroots Root permeability  [cm d
-1
] [-] 
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PMmet Cuticular permeability for 
metabolite 
 [cm d
-1
] [-] 
QXF Xylem-sap flow speed 0.0035 [cm³ h
-1
] Tuth (1932) 
Vcar. Volume carbohydrates 0.024064 [cm³] Boyd (1968) 
Vlipids Volume lipids 0.0023168 [cm³] Boyd (1968) 
Vpr. Volume proteins 0.012544 [cm³] Boyd (1968) 
Vtotal Total volume 0.9109248 [cm³] Boyd (1968) 
Vwater Volume water 0.872 [cm³] Boyd (1968) 
 
Determination of chemical-specific cuticular permeabilities 
The model was used to analyse toxicokinetic pattern of different chemicals. To describe 
chemical-specific toxicokinetic patterns two parameters (cuticular permeability (     ) and 
plant/water partition coefficient (   )) are required. If sufficient experimental data were 
available, the plant/water partition coefficient was based on the external water concentration 
and the last measured internal concentration during uptake experiments, assuming that at this 
point exchange processes were in equilibrium. If experimental data were not available, 
Equation 11 was used to predict the plant/water partition coefficient. Cuticular permeability 
was determined by non-linear, least-squares optimization based on uptake data using a 
standard function in MATLAB (2012).  
Measurements up to the first four hours were neglected, to avoid establishing cuticular 
permeabilities which were dominated by sorption patterns. It is known, that uptake through a 
cuticle can be divided into a first, rapid phase, characterizing sorption onto the cuticle surface 
and a second, slower phase, representing cuticle penetration (Schreiber and Schönherr 1992).   
Besides own experiments, available data describing the uptake into M. spicatum were used to 
derive further chemical-specific cuticular permeabilities. Data of Vassios (2012) were used to 
derive cuticular permeabilities for Fluridone, Penoxsulam and Imazamox, using the 
previously stated approach. Concentrations related to dry weight were converted to 
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concentrations in fresh weight by tenfold reducing the respective values. A tenfold factor was 
determined by using the fresh weight bioconcentration factors of Vassios (2012) and the last 
measured internal concentration in M. spicatum. In general, it is appropriate to use the 
previous stated dry weight to fresh weight conversion factor, to convert internal 
concentrations related to dry weight or fresh weight but measurements (if available) should 
always be used in favour of converted values because of a natural variability of the water 
content of M. spicatum ranging between 79.2 and 94.0% (Gortner 1934; Abu Ziada et al. 
2008; McKnight and Hepp 1998).  
Uptake rates (k) for several chlorinated aromatic hydrocarbons provided by Gobas et al. 
(1991) were transformed into cuticular permeabilities (see Equation 15).  
Equation 15 
    
   
 
 
Plant volumes (V) were set to be equal to the plant fresh weight. Surface area (A) was 
calculated as stated in Table 4. 
Analysing root translocation 
Root uptake of Linuron and, consequently, translocation to the shoots, was analysed using 
data of Buresová et al. (2013). The published pore water concentration in the sediment was 
used as model-input (Table 5). Because of the Linuron concentration in roots, which were not 
measured during the experiments, but were needed for applying the model in order to analyse 
root-to-shoot translocation, the root concentration in the model was set to be in equilibrium 
with the concentration in pore water. This is in regard to the absence of a cuticle in roots, 
acting as a barrier.  
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Table 5: Pore water and shoot concentrations (FW: fresh weight) of Linuron in treatments A – E (data 
from Buresova et al. 2013). 
Treatment Concentration in pore water [µg/L] Concentration in shoots [µg Linuron/ g FW] 
 
Mean 7 d 14d 21d 
A 0.29* 1.34 1.42 1.59 
B 2.38 10.13 11.04 13.04 
C 31.38 89.83 90.21 159.31 
D 451.83 706.42 964.99 722.99 
E 1100.50 1481.84 2395.21 1557.04 
 
* estimated from sediment/pore water ratio 
   
 
Results 
Table 6 lists the determined cuticular permeabilities of M. spicatum, the predicted and 
experimental determined plant/water partition coefficients and the octanol/water partition 
coefficients for each chemical.  
Table 6: Derived cuticular permeabilities, experimental and predicted plant/water partition coefficients 
(Kplant/wat), chemical names and octanol/water partition coefficients (Poct/wat). The grey shaded area 
represents experimental results using inactivated plants. 
Name 
log 
(Poct/wat) 
PM [cm/s] (±95% CI) 
log 
(Kplant/wat) 
exp. 
log 
(Kplant/wat) 
pred. 
Reference 
Fluridone 3.16 
1.89 x 10
-6                                              
 
(-1.30 x 10
-7 
to 3.89 x 10
-6
) 
1.30 0.80 
based on 
Vassios 
(2012) 
Penoxsulam -0.602 
6.39 x 10
-8                                                             
(2.63 x 10
-8
 to 1.02 x 10
-7
) 
0.62 0.44 
Imazamox -0.78 
3.24 x 10
-9
                                                        
(1.39 x 10
-9
 to 4.98 x 10
-9
) 
-1.00 0.44 
Iofensulfuron -0.8 
1.44 x 10
-7
                                                   
(1.08 x 10
-7
 to 1.85 x 10
-7
) 
0.59 0.44 
own 
results 
Isoproturon 2.87 
3.54 x 10
-7                                             
(-8.91 x 10
-7
 to 1.62 x 10
-6
) 
1.24 0.67 
Trichlorobenzene 4.02 6.81 x 10
-7
 1.52 1.44 
based on 
Gobas et 
al. (1991) 
Tetrachlorobenzene 4.51 3.17 x 10
-6
 2.24 1.89 
Pentachlorobenzene 5.03 9.36 x 10
-6
 3.14 2.40 
Hexachlorobenzene 5.47 5.11 x 10
-6
 3.03 2.84 
Tetrachlorobiphenyl 6.1 1.53 x 10
-5
 3.70 3.47 
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Octachlorostyrene 6.29 1.37 x 10
-5
 3.79 3.66 
Hexachlorobiphenyl 7 1.70 x 10
-5
 4.40 4.36 
Octachlorobiphenyl 7.8 1.69 x 10
-5
 5.79 5.16 
Decachlorobiphenyl 8.26 5.52 x 10
-6
 5.73 5.62 
Iofensulfuron -0.8 
4.05 x 10
-8                                                
(-2.19 x 10
-8
 to 1.03 x 10
-7
) 
0.47 0.44 
own 
results 
Isoproturon 2.87 
1.36 x 10
-7                                               
(4.63 x 10
-8
 to 2.20 x 10
-7
) 
0.64 0.67 
Linuron 3.2 n.d. n.d. n.d 
 
 
Cuticular permeabilities increase with increasing lipophilicity of a chemical. Obviously, some 
differences in cuticular permeabilities between living and inactivated plants occurred but 
confidence intervals showed that no significant differences exist since the ranges of the 
confidence intervals overlap. The predicted plant/water partition coefficient is in approximate 
agreement with the experimental determined one, but differences increase for chemicals with 
decreasing lipophilicity.  
Uptake and elimination experiments 
Toxicokinetics of Isoproturon in living and inactivated plants are not entirely equal (Figure 9). 
Uptake can be divided into a first rapid uptake phase followed by a slower one. This uptake 
pattern is the same for living, as well as for inactivated plants, although, the total amount that 
is taken up is four times higher in living plants. Elimination of Isoproturon is characterized by 
a rapid decline of internal Isoproturon amounts in both experiments.  
Model results are in agreement with the experimental data when the cuticular permeability 
and the experimentally determined plant/water partition coefficient for Isoproturon (Table 6) 
are used (Figure 9, solid blue lines). Using a model approach including metabolism to explain 
differences between living and inactivated plants, does not increase the agreement between 
model predictions and experimental data (Figure 9, dashed black line). 
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Figure 9: Uptake and elimination pattern of Isoproturon with inactivated plants (left) and living plants 
(right) (black symbols: experimental data; blue lines: model results; dotted lines: Isoproturon 
concentration in the water; dashed line: model approach considering metabolism). 
 
Toxicokinetics of Iofensulfuron differs only slightly between living and inactivated plants 
(Figure 10). While both diagrams show, equal to the toxicokinetics of Isoproturon, a first 
rapid uptake phase followed by a second, slower one, the differences of Iofensulfuron uptake 
between living and inactivated plants are small. Alike, the difference in the total amount of 
Iofensulfuron that is taken up in living and inactivated plants is, compared to that of 
Isoproturon, small.  Elimination of Iofensulfuron is characterized by a constant but slow 
decrease. Model results are only in agreement with the experimental data when the cuticular 
permeability of Iofensulfuron and the plant/water partition coefficient (Table 6) are used, in 
addition to metabolic parameters that are calibrated to the uptake and elimination data. The 
metabolic parameters are intended to describe the supposed irreversible binding of 
Iofensulfuron     
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Figure 10: Uptake and elimination pattern of Iofensulfuron (black points: experimental data; blue line: 
model results; grey points: inactivated plants; dotted line: Iofensulfuron concentration in the water). 
 
 
Uptake experiments extracted from literature 
By using two chemical-specific parameters (cuticular permeability and plant/water partition 
coefficient) (Figure 11), the model is able to describe the uptake of Fluridone, Penoxsulam 
and Imazamox in agreement with the experimental data of Vassios (2012).  
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Figure 11: Uptake pattern of Fluridone, Penoxsulam and Imazamox (grey squares: experimental data 
(Vassios 2012); blue lines: model results; FW: fresh weight). 
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Analysing root-to-shoot translocation 
By calibrating the speed of xylem-sap flow, which is the carrier for root-to-shoot movement, 
and assuming that shoot to water elimination of Linuron does not occur (as observed during 
the experiments) model predictions are in agreement with the experimental data for treatments 
A – C (Figure 12). The respective xylem-sap flow speed is 0.0065 [cm³/h] which is within the 
range of the average (0.0035 [cm³/h]) and the maximum sap flow speed (0.01 [cm³/h]) 
recorded by Tuth (1932). However, model predictions for the two highest treatments (D & E) 
overestimated the amount of Linuron translocated to the shoots. 
 
Figure 12: Experimental (data from Buresova et al. 2013) and predicted root-to-shoot translocation of 
Linuron with blue lines representing model results and points symbolizing experimental data.  
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Correlation of cuticular permeability and physicochemical properties  
Cuticles represent the outer surface of several plant organs; they act as a barrier that chemicals 
have to overcome to reach inner plant areas, i.e., the uptake of chemicals into leaves is limited 
by the permeability of the cuticle (Schönherr and Riederer 1989). The permeability of a 
membrane to a given chemical is proportional to the partition coefficient between the 
membrane and the medium containing the chemical (Schönherr and Riederer 1989). Popp et 
al. (2005) and Kerler and Schönherr (1988) demonstrated that cuticle permeability is 
proportionally correlated to the octanol/water partition coefficient. Figure 13 correlates the 
determined chemical-specific cuticular permeabilities of M. spicatum (Table 6) with the 
octanol/water partition coefficient or the experimental plant/water partition coefficient of each 
chemical.  
 
Figure 13: Logarithm of the cuticular permeability (PM) plotted against the logarithm of the 
octanol/water partition coefficient (black points:  experimental data; grey squares: data of Vassios (2012); 
white squares: data of Gobas et al. (1991)). 
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The correlation of the chemical-specific cuticular permeabilities of M. spicatum and the 
chemical lipophilicities, in terms of the octanol/water partition coefficient, can be described 
by Equation 16.   
Equation 16 
      )            (        )            R²: 0.81 
Figure 14 shows the relationship for chemical-specific cuticular permeabilities and their 
octanol/water partition coefficients for M. spicatum and two terrestrial plant species. The 
relationship for Hedera helix are taken from Popp et al. (2005), the ones for Citrus 
auranticum from Kerler and Schönherr (1988). Both sources are based on measurements with 
isolated cuticles.  
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Figure 14: Correlation of cuticular permeability and octanol/water partition coefficient (Equations for 
Hedera helix taken from Popp et al. 2005; for Citrus auranticum from Kerler and Schönherr 1988; black 
points:  experimental data; grey squares: data of Vassios (2012); white squares: data of Gobas et al. 
(1991)). 
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While the intercept of the equation established in this work, that correlates chemical-specific 
cuticular permeability and lipophilicity, is within the range of the equations established by 
others for terrestrial plant cuticles, the slope for M. spicatum is considerably lower. 
 
Discussion 
Cuticular permeabilities and plant/water partition coefficients 
Most cuticular permeablities of M. spicatum were within ranges known from terrestrial plant 
cuticles. Some, especially lipophilic compounds, showed cuticular permeabilities outside the 
known ranges of terrestrial plant cuticles. These differences might be related to different, 
species-specific structures of plant cuticles, which can be divided into six types (Jeffree 
2007). For amphibious plants it was shown that the cuticles of submerged leaves were in 
average three orders of magnitude more permeable for oxygen than aerial leaves of the same 
species (Frost-Christensen et al. 2003).  Also Schönherr (1976) discovered that the cuticle of 
Potamogeton lucens was more permeable for water than the cuticle of terrestrial species. For 
M. spicatum scanning electron microscope pictures showed that even for single leaflets cuticle 
thickness varies (Figure 15 and Figure 16).  
The experimentally determined cuticular permeabilities of Iofensulfuron and Isoproturon were 
different for living and inactivated M. spicatum plants. Since the chemical migrates through 
the cuticle, consisting of dead plant material, permeability should be unaffected by plant 
processes. 
However, concentration gradients, which are a major factor of diffusion, might be altered by 
plant processes. For example, by incorporating a chemical in a plant compartment where it 
does not account for concentration gradients between the external phase (water) and the plant 
zone behind the cuticle. It is well established, that in plants chemicals are transported to 
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specialized compartments as the vacuole (Coleman et al. 1997) and, therefore, might 
influence concentration gradients and permeation. For Iofensulfuron, it was shown that some 
of the observed uptake and elimination pattern might be explained by assuming that plants 
indirectly influence cuticular permeability through metabolism. For Isoproturon, this approach 
did not increase the agreement between model predictions and experimental data. Supposed 
that cuticular permeability of M. spicatum is affected by movement of compounds within its 
tissues, the determined cuticular permeabilities comprise additional plant and chemical 
specific information. The hypothesis that differences between living and inactivated plants 
might be caused by plant induced processes, is supported by differences in plant/water 
partition coefficients of Isoproturon between living and inactivated plants.  
Metabolism, in the experiment, can be excluded as reason for higher plant/water partition 
coefficients in living plants compared to inactivated ones, since metabolites are, in most 
cases, less lipophilic than the parent chemical. However, some metabolites might bind to 
lignin and cellulose in the apoplast (Coleman et al. 1997) and, thus, cause apparent higher 
plant/water partition coefficients. However, overlapping confidence intervals for the cuticular 
permeability of Iofensulfuron and Isoproturon for living and inactivated plants showed that no 
clear differences between both exist. Therefore, the question whether the cuticular 
permeabilities determined in this work are affected by active chemical movement processes 
within the plants cannot be answered. This has to be kept in mind when using the established 
equations (Equation 16) to predict cuticular permeabilities for other compounds.   
During the determination of the cuticular permeabilities it was assumed that the last measured 
concentration in M. spicatum is in equilibrium with the concentration in the water phase. This 
assumption might not be true for some of the tested chemicals, because equilibrium may not 
have been reached (OECD 2006b; OECD 1995). But the determination of the cuticular 
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permeabilities should not be influenced by the potential non-equilibrium data, since it affects 
mainly the plant/water partition coefficients.  
The intrinsic parameter of the uptake model (the volume flow), which was inferred from the 
experimental data, is the product of cuticular permeability and surface area (PMcut x A). The 
reported cuticular permeabilities (PMcut) were calculated from this, by using surface area (A) 
values estimated from the plant biomass. Therefore, the PM-values might be biased by a 
systematic error in the calculation of the plant surface area from the plant weight. This 
potential error can, however, easily be corrected by rescaling the PM-values if a more 
accurate estimation of the surface area is available. 
Uptake and elimination experiments 
The model is able to describe toxicokinetics of chemicals with the respective cuticular 
permeabilities and plant/water partition coefficients. Intentionally, the measured uptake 
during the first hours is not reflected by the model because this early uptake phase might be 
caused by sorption of the chemical on the cuticle surface. Schreiber and Schönherr (1992) 
concluded from their experiments with conifer needles, that uptake can be divided into two 
steps. The first step describes rapid sorption onto the cuticle surface and the second one 
slower penetration into the needles.  
While Isoproturon is rapidly and almost entirely eliminated in plants, Iofensulfuron eliminates 
rather slowly. This toxicokinetic pattern can be explained by assuming metabolism and a slow 
elimination of the metabolite. 
Analysing root-to-shoot translocation 
Root-to-shoots translocation is driven by the speed of xylem-sap flow. Within the simulations 
it had a value of 0.0065 [cm³/h] under the prerequisite that exchange from shoots to the 
external water phase does not occur. This is in accordance to the experiments of Buresová et 
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al. (2013) on Linuron plant interaction which revealed that nearly no Linuron was released 
from plant shoots. 
The disagreement between the model results and the experimental data at the two highest 
treatments might be caused by toxic effects since EC50 values of Linuron are 137 [µg/L] 
(Kemp et al. 1985). Model results indicate that the xylem-sap flow collapses at the highest 
treatments which is in accordance with first observed changes in plant appearance (smaller 
and chlorosis) and effect concentrations calculated from the experiments (Buresová et al. 
2013). 
Correlation of cuticular permeability and physicochemical properties  
Cuticular permeability of M. spicatum is proportional to the lipophilicity of a chemical. This 
relationship was also identified for terrestrial plant cuticles (Kerler and Schönherr 1988) 
which, however, is slightly different from that of M. spicatum, potentially due to species-
specific differences of the cuticle structures (Riederer 2006).   
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Figure 15: Cross-section of a M. spicatum leaflet taken on a scanning electron microscope (JSM 5600 LV, 
Bayer CropScience AG, Monheim). 
 
 
Figure 16: Cross-section of a M. spicatum leaflet taken on a scanning electron microscope with focus on 
the cuticle (JSM 5600 LV, Bayer CropScience AG, Monheim). 
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Furthermore, the equation established to describe the dependency between cuticular 
permeability and lipophilicity is based on chemicals with log(Poct/wat) values covering the 
large range of -0.8 to 8.26. Equations from other authors focus either only on lipophilic 
chemicals (Kerler and Schöherr 1988) or use two equations, one describing the dependency 
for lipophilic, the other one the dependency for hydrophilic chemicals (Popp et al. 2005). It 
also has to be noted, that in contrast to most other research, where cuticles were isolated from 
plants, a model approach was used to determine cuticular permeability which might introduce 
some uncertainty.  
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Introduction 
Toxicodynamics describe the interaction of a toxicant with a target site in an organism and the 
effects caused through this interaction. Toxicodynamic model approaches can be used to link 
effects in terms of endpoints, such as an inhibition of growth, reproduction or survival to the 
underlying mode of action. Toxicodynamic model approaches do not necessarily need 
toxicokinetics, since they can, besides linking internal concentrations calculated through 
toxicokinetics to effects, also link external concentration to these effects. However, especially 
for analysing effects caused by pulsed exposure, it is essential to consider toxicokinetics. 
Several toxicodynamic approaches exist, that differ in their concepts and structure. An early 
toxicodynamic approach was developed by Hickie et al. (1995) for Pimephales promelas. It 
considered critical body residues at which fish lethality occurred. Van den Brink et al. (2007) 
published a toxicodynamic approach for Asselus aquaticus, that was based on survival and 
considered external pesticide exposure. Jager et al. (2010) published a general toxicodynamic 
model, from which most of the approaches can be derived. However, all of these approaches 
focused on lethality, which is not determined in toxicity testings with aquatic macrophytes, 
since it is difficult to define the death of plants. Common endpoints, that are used to describe 
growth alterations of M. spicatum, are based on dry and fresh weight at the end, and shoot 
length divided into main- and side-shoots during and at the end of a toxicity test (OECD 
2013b), as well as root length and number of whorls (OECD 2013a). For other aquatic 
macrophytes, such as Lemna sp., also other species-specific measurements, such as total frond 
area are used to establish endpoints (OECD 2006a).  
The aim of this chapter was to develop a toxicodynamic submodel that is able to integrate the 
sublethal endpoints that are typically measured in toxicity tests with M. spicatum. It should be 
demonstrated how modes of action, of several group of herbicides, can be described by this 
toxicodynamic approach. The toxicodynamic and toxicokinetic submodels provide a tool to 
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analyse the effects of pulsed chemical exposure, in interaction with the growth model.   To 
show the applicability of the toxicodynamic approach to predict effects caused by pulsed 
exposure, toxicity tests with constant and pulsed exposure of a sulfonylurea herbicide were 
conducted.  
Materials and Methods 
Plant culturing 
A stock culture of M. spicatum was set up to have numerous, homogenous plants at each test 
initiation. Plants to start a stock culture were provided by the German Environmental 
Protection Agency.  
Sediment for growing plants was produced in accordance with OECD guideline 219 (OECD 
2004) with 75% quartz sand, with a particle size between 0.06 – 0.3 [mm] (Sand-Schulz, 
Germany), 20% kaolin clay (Sigma/Aldrich, Germany) and 5% peat (Lithuanian peat moss, 
Klasmann Deilmann, Germany). 300 [mg/kg] NH4CL and Na2PO4 were added to the sediment 
to provide a nitrogen and a phosphorus source. A thin layer of sand was placed on the 
sediment to prevent turbidity through mixing of water and sediment.  
The stock culture was established in a 125 [L] aquarium with several 400 [ml] beakers, each 
filled with sediment and each containing up to 20 plants. When plants reached the water 
surface, shoot tips were cut off and placed in beakers with fresh sediment with their ends 
being buried in the sediment. A general purpose culture solution (Smart and Barko 1985) was 
used as nutrient solution and the water was constantly aerated. Temperature was kept at 20 ± 
2 [°C] and the light intensity at 100 [µmol photons m
-2
 s
-1
] ± 20%. For toxicity tests, six 
centimetre long, healthy shoot tips without side shoots were cut off from the stock culture.  
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Experimental design 
The experimental design was based on OECD draft guideline (2013b). Beakers with a height 
of 24 [cm] and a volume of 2 [L] were filled with Smart & Barko´s (1985) nutrient solution. 
One glass pot, with a height of seven centimetre and a volume of 370 [ml], was placed inside 
each beaker and filled with 500 [g] sediment produced as described in plant culturing. Equally 
to the stock culture, a thin layer of fine sand was placed on top of the sediment to reduce 
turbidity. 
In each pot, three healthy, six [cm] long shoots were plunged into the sediment with three 
[cm] of the lower plant part. Before chemical testing started, a seven day pre-adaption phase 
was conducted, where the plants were able to grow under conditions equally to the ones 
during the test. This pre-adaptation phase was performed to induce root growth. Light 
intensity during the test was 120 [µmol photons m
-2
 s
-1
] ± 15% and temperature was kept 
constant at 20 ± 2 [°C ]. 
Chemical 
Iofensulfuron (1-(2-Iodophenylsulfonyl)-3-3-(4-methoxy-6-methyl-1,3,5-triazin-2-YL)urea)  
with a purity of 92% was obtained from Bayer CropScience AG, Monheim am Rhein, 
Germany. 
Exposure  
After pre-adaptation, the nutrient solution (Smart & Barko 1985) was replaced with fresh 
nutrient solution for the control groups and with nutrient solution containing different 
amounts of the chemical for the exposure groups. Table 7 shows the Iofensulfuron 
concentrations and the different pulsed exposure regimes that have been analysed.  
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Table 7: Intended Iofensulfuron concentrations in the toxicity tests. 
 
Concentration [µg/L] 0 0.1 0.15 0.34 0.54 1.14 
Test 1 Exposure time [d] [-] 14 14 14 14 14 
Test 2 Exposure time [d] [-] [-] [-] [-] [-] 3 
Test 3 Exposure time [d] [-] [-] [-] [-] [-] 1 
 
For testing pulsed exposure regimes, plant pots that were exposed to the chemical were 
transferred after 72 or 24 hours to fresh Smart and Barko (1985) nutrient solution, 
respectively. To wash off chemical residues from glass surfaces, plant pots were removed 
from their beakers and placed in tap-water container while the respective beakers were 
flushed with tap water. Five replicates, each with three plants, were used as control group and 
three replicates, each with three plants, for each concentration. 
Measurement 
Table 8 shows the sampling schedule with destructive and non-destructive measurements. 
 
Table 8: Sampling schedule of the conducted toxicity tests where x denotes measurements (CE: constant 
exposure; PE: pulsed exposure). 
Day after 
treatment 
(DAT) 
Shoot length Shoot weight pH, O2 Shoot length Shoot weight pH, O2 
CE CE CE PE PE PE 
0 x x x x x x 
3 [-] [-] [-] x x x 
5 x [-] x [-] [-] [-] 
7 x x x x x x 
10 x [-] x [-] [-] [-] 
14 x x x x x x 
 
Except for day three in test 3, where no plants were harvested, the sampling schedule as 
mentioned in Table 8, was carried out. The length of plants was measured, using a ruler. If 
necessary, plants were carefully flattened to obtain the whole length. The number and length 
of side shoots was recorded, but also any unusual findings like chlorosis, necrosis or algae 
blooms. For measuring fresh and dry weight, shoots were cut off above the sediment and 
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gently dabbed with cellulose tissues. Afterwards fresh weights were directly recorded, while 
shoots were dried at 60 [C°] for at least 48 hours before recording dry weights. At day zero, 
after the pre-adaptation phase, five plants were harvested in each test to get representative 
values for initial fresh and dry weights.   
Classical analysis 
The effects of Iofensulfuron on the three recorded measurements (length, fresh and dry 
weight) were investigated. For each measurement the yield and the relative growth rate was 
calculated through Equation 17 and Equation 18, where Xn represents the value of an endpoint 
at time n, X0 the value of the same endpoint at day zero (test initiation) and tn the time at n. 
Equation 17 
            
Equation 18 
     
       )        ))
      )
 
The magnitude of effect was calculated through Equation 19, where         symbolizes the 
average value of the control group and           the average value of a treatment group.    
Equation 19 
       [ ]   
                  )
       
     
To determine if differences between control and treatment groups were significant, a two 
paired t-test was conducted. Effective concentrations (EC) were estimated with ToxRat® Pro 
v2.10 (ToxRat® Solutions GmbH, Alsdorf, Germany) using a two parameter logit function. 
Model based analysis 
The model based analysis was intended to extrapolate effects on M. spicatum caused by 
constant Iofensulfuron concentrations to effects caused by pulsed Iofensulfuron 
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concentrations. The analysis was based on the M. spicatum toxicokinetic growth model 
described in Chapter II and III and the toxicodynamic submodel described in this chapter 
(Figure 17). The effects on the dry weight from the constant exposure test were used to 
establish an internal dose-response function. The model was then used to predict the effects of 
a one-day and a three-day Iofensulfuron pulse. The growth of unaffected plants in control 
groups was calibrated to the experimental data. The toxicokinetic data of Iofensulfuron (see 
Chapter III), necessary to predict uptake and elimination pattern, were used.  
Length growth  
To be able to link effects to the length growth of M. spicatum, a simple mathematical term 
was integrated into the model. The change in plant length (
  
  
) is calculated through Equation 
20 where    is the current plant length and           the relative growth rate in terms of 
total plant length including side shoots.           was based on the unaffected length growth 
of plants in the control groups of the respective toxicity tests. 
Equation 20 
  
  
              
Toxicodynamics 
Toxicodynamics are calculated through the function TD (Equation 21) with C_int as the 
internal concentration within M. spicatum,         representing the internal concentration at 
which 50% effect is observed and HS as a value defining the slope of the concentration-
response curve. 
Equation 21  
       )    
    
  
(       
        
   )
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The equation provides a factor between one (no inhibition) and zero (maximum inhibition) 
which is used to reduce growth related process. To stay within the general procedure, to 
define EC50s by basing them on concentrations in water, the internal concentrations (    ) 
were divided through the plant water partition coefficient of the respective chemical. This 
establishes        s which can be more easily compared to common EC50s that are based on 
external water concentrations. 
 
Figure 17: Model concept and interaction of the toxicokinetic and toxicodynamic submodels with the 
growth model from Chapter II, where grey boxes represent input data necessary to run the model and 
where parentheses represent model processes. 
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The parameters that were needed to establish an internal dose-response-function of 
Iofensulfuron (        & Hill-coefficient) were received by non-linear optimization using the 
MATLAB function lsqnonline. The optimization procedure resulted in an internal         of 
9.67 [µg/L] and a Hill-coefficient of 0.40 with respective confidence intervals of 4.57 to 14.77 
[µg/L] and 0.35 to 0.46 for the endpoint dry weight. For the endpoint total plant length, the 
        was 0.11 [µg/L] and the Hill-coefficient 4.63, with respective confidence intervals of 
0.08 to 0.14 [µg/L] and 1.90 to 7.35. 
The toxicodynamic approach does not consider irreversible effects, thus, it assumes that a 
compound does not affect growth of M. spicatum after being eliminated from the plant´s 
inside.  
Chemical analysis and water characteristics 
In all three tests, pH rapidly increased from approximately 8 to 10 in less than seven days 
before remaining at constant levels (> ± 0.5 units difference at single measurements). The 
average pH over the test duration was 9.6 ± 0.45 (test 1), 9.2 ± 0.48 (test 2) and 10.1 ± 0.06 
(test3). The concentration of dissolved oxygen was fluctuating to a lesser extent and remained 
at values of 7 to 10 [mg/L]. Respective average dissolved oxygen concentration over the 
entire testing period were 8.0 ± 1.11 (test 1), 7.7 ± 0.86 (test 2) and 8.1 ± 0.44 (test 3).  
Nominal concentrations of the Iofensulfuron treatments were within ± 20% of the intended 
concentrations (Table 9). Iofensulfuron concentrations were stable during the 14-day standard 
test. 
Table 9: Measured Iofensulfuron concentrations in the conducted toxicity tests. 
 
Intended concentration 
[µg/L] 
0 0.1 0.15 0.34 0.54 1.14 
Test 1 Measured concentration [µg/L] [-] 0.08 0.12 0.29 0.42 1.04 
Test 2 Measured concentration [µg/L] [-] [-] [-] [-] [-] 1.02 
Test 3 Measured concentration [µg/L] [-] [-] [-] [-] [-] 0.98 
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Results 
Growth inhibition 
The total length of plants in control groups (three plants per beaker), including side shoots, 
increased by approximately 90 centimetres (Figure 18). With an average length of 11 [cm] for 
single plants after the seven day pre-adaptation phase, the water surface was nearly reached 
before the test initiation. Treatment groups showed significant differences from control 
groups except for the lowest treatment (0.08 [µg/L]), whose length did not significantly differ 
from the control group. The three highest treatments caused inhibitions of length growth 
above 60% after the 14-days toxicity test.   
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Figure 18: Length growth of M. spicatum shoots treated with different Iofensulfuron concentrations 
during a 14-day toxicity test. 
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Plant fresh weight is, equally to total plant length, clearly affected by Iofensulfuron (Figure 
19). Significant differences between the treatment groups and the control group were 
observed at concentrations of 0.12 [µg/L] and higher. The three treatments with the highest 
concentrations showed inhibitions of fresh weight in the range of 57 to 62% when compared 
to unaffected control groups. 
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Figure 19: Dynamics in fresh weight of M. spicatum shoots treated with different Iofensulfuron 
concentrations during a 14-day toxicity test. 
 
The endpoint dry weight was less affected by Iofensulfuron than the endpoints total plant 
length and fresh weight. Even at the treatments with highest concentrations considerable 
yields in dry weight were observed during the toxicity tests (Figure 20). Differences between 
control and treatment groups were significant at Iofensulfuron concentrations of 0.29 [µg/L] 
or higher. The strongest effect on dry weight occurred during the last week of the toxicity test. 
The highest treatment inhibited the dry weight by 22% when compared to unaffected growth. 
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Figure 20: Dynamics in dry weight of M. spicatum shoots treated with different concentration of 
Iofensulfuron during a 14-day toxicity test. 
 
Coefficient of variation 
Coefficients of variation are different for the endpoints’ yield plant length, yield fresh weight 
and yield dry weight (Figure 21). Over time, the coefficients of variation decrease for all 
endpoints. At day seven, coefficients of variations are highest for yield dry weight and yield 
fresh weight and almost twice as large as the coefficient of variation of yield plant length. At 
day 14, the coefficients of variation are about the same for all endpoints at values of 10% ± 
2%.  
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Figure 21: Mean coefficient of variation [%] for the control groups after seven and 14 days based on 
different yield endpoints, where the dashed line represents the validity criteria (OECD 2013b). 
 
The validity criteria (OECD 2013b) stating that the coefficient of variation of yield fresh 
weight in control groups must not exceed 35% (dashed line) is passed. 
Specific endpoints 
Endpoints divided into EC10, EC20, EC50, as well as their differences when they were based on 
seven or 14-day values, are listed in Table 10. In this case, length and fresh weight are the 
best measurements to establish endpoints since it is more affected than dry weight. Endpoints 
being based on dry weight could not be established in most cases. While EC50s could not be 
determined when being based on dry weight values independent of the two analysed 
experimental durations, EC10s and EC20s could be established in several cases. Endpoints 
being based on the RGR or the yield showed smaller differences when the seven days and the 
14-days values were compared, in contrast to endpoints being based on total values.   
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Table 10: Iofensulfuron endpoints (EC10, EC20 and EC50) at two experimental durations. 
 
Duration [days] EC10 (95%-Cl) EC20 (95%-Cl) EC50 (95%-Cl) 
Total dry weight 
7 n.d. n.d. n.d. 
14 0.11 (0.06-0.15) 0.73 (0.58-0.99) n.d. 
Yield dry weight 
7 n.d. n.d. n.d. 
14 n.d. 0.17 (0.12-0.22) n.d. 
RGR dry weight 
7 n.d. n.d. n.d. 
14 0.07 (0.04-0.10) 0.41 (0.34-0.50) n.d. 
Total fresh weight 
7 n.d. 0.10 (n.d.) 1.40 (n.d.) 
14 n.d. 0.07 (n.d.) 0.33 (n.d.) 
Yield fresh weight 
7 n.d. 0.06 (n.d.) 0.18 (n.d.) 
14 0.05 (0.00-0.09) 0.08 (0.00-0.12) 0.15 (0.07-0.33) 
RGR fresh weight 
7 n.d. 0.06 (n.d.) 0.25 (n.d.) 
14 0.05 (0.00-0.11) 0.09 (0.00-0.16) 0.21 (0.08-0.48) 
Total length 
7 0.06 (n.d.) 0.13 (n.d.) 0.53 (n.d.) 
14 0.06 (n.d.) 0.11 (n.d.) 0.29 (n.d.) 
Yield length 
7 0.09 (0.01-0.14) 0.12 (0.02-0.17) 0.19 (0.11-0.33) 
14 0.09 (0.05-0.12) 0.12 (0.07-0.15) 0.17 (0.14-0.23) 
RGR length 
7 0.09 (0.00-0.16) 0.13 (0.00-0.21) 0.24 (0.05-0.57) 
14 0.11 (0.00-0.18) 0.14 (0.00-0.22) 0.22 (0.01-0.41) 
 
Model approach 
Using the model to predict the yield in dry weight in control groups resulted in an obvious 
underestimation of the plants’ dry weight, although, the environmental conditions that were 
recorded during the toxicity tests, as light intensity, temperature, pH and DIC, were used as 
model-input parameters (Figure 22).  
Chapter IV: Integrating toxicodynamics to predict effects of pulsed chemical exposure 
70 
 
 
Figure 22: Dry weight dynamics of the control group during the Iofensulfuron toxicity test and the 
respective model predictions. 
 
Including the influence of the pH on plant growth, the model underestimated the dry weight 
assimilation during a 14-days-course. Excluding this relationship, the model overestimated 
plant growth. Therefore, another method was introduced to the model, which allows using a 
calibration-value to optimize the model prediction to unaffected growth.      
Short time exposure 
Effects on plant dry weight  
One-day and three-day exposures to Iofensulfuron treatments of approximately 1 [µg/L], 
inhibited the dry weight to a different extent than in the standard test (Figure 23). Effects are 
smaller, thus, two paired t-tests revealed there were no significant differences between the 
short-time exposure (one-day and three-day) and the control group.      
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When using the model to predict growth inhibitions caused by short-time exposures, with the 
internal dose-response function that is based on the standard toxicity test and by using a 
calibration value optimized to the unaffected growth of the respective control group, the 
model is able to describe the growth inhibition in agreement with the experimental data. 
Effects on total plant length 
As shown in Figure 24 the one-day and the three-day exposures caused inhibition interruption 
of length growth for several days. While the plants under constant exposure (black dotted 
line) ceased to grow over the whole test duration, the plants in the pulsed exposure groups 
recovered and started to grow a few days after Iofensulfuron was replaced by clean water. The 
time span at which length growth was inhibited increased with an increasing duration of the 
exposure. The model predicts the general inhibition of length growth in agreement with the 
experimental data (Figure 24; blue and dashed black line). 
 
 
Figure 23: Growth inhibition in terms of a reduced dry weight caused by pulsed (left: one-day pulse; 
right: three-day pulse) and constant Iofensulfuron exposure and the respective model predictions (dashed 
blue lines). 
Time [days]
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Io
fe
n
s
u
lfu
ro
n
 c
o
n
c
e
n
tr
a
ti
o
n
 [
µ
g
/L
]
0.0
0.2
0.4
0.6
0.8
1.0
1.2
D
ry
 w
e
ig
h
t 
[m
g
]
100
200
300
400
500
External concentration
Control
Pulsed exposure
Calibrated dry weight (control)
Predicted dry weight (pulsed exposure)
Constant exposure
Time [days]
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Io
fe
n
s
u
lfu
ro
n
 c
o
n
c
e
n
tr
a
ti
o
n
 [
µ
g
/L
]
0.0
0.2
0.4
0.6
0.8
1.0
1.2
D
ry
 w
e
ig
h
t 
[m
g
]
100
150
200
250
300
External concentration
Control
Pulsed exposure
Calibrated dry weight (control)
Predicted dry weight (pulsed exposure)
Constant exposure
Chapter IV: Integrating toxicodynamics to predict effects of pulsed chemical exposure 
72 
 
  
 
 
 
 
 
Although recovery could be observed, it does not immediately take place after Iofensulfuron 
is replaced at day one or day three. The predicted internal concentration (Figure 25 blue line) 
explains the lag in the disappearance of effects. It slowly decreased after plants were placed in 
clean water, but considerable amounts remained inside the plants as long as growth was 
inhibited. In contrast to the effects on dry weight caused by pulsed exposure, differences 
between the pulsed groups and the control group were significant. 
 
 
 
 
 
Figure 25: Growth inhibition in terms of an inhibition in length growth caused by pulsed (left: one-day 
pulse; right: three-day pulse) and constant Iofensulfuron exposure and the respective model predictions of 
the effective internal concentrations (blue lines). 
Figure 24: Growth inhibition in terms of an inhibition in length growth caused by pulsed (left: one-day 
pulse; right: three-day pulse) and constant Iofensulfuron exposure and the respective model predictions 
of length growth (dashed blue lines). 
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Effects on plant fresh weight 
Equal to findings for length and in contrast to results for dry weight, fresh weight is 
considerably affected by Iofensulfuron. When considering the predicted internal effective 
(effective internal concentration refers to the internal Iofensulfuron concentration excluding 
metabolites) concentration (Figure 26; blue line), the lag in the offset of effects can be 
explained for both pulsed exposures. However, the three-day Iofensulfuron pulse caused a 
decrease of fresh weight close to the constant exposure while plants being exposed to the one-
day Iofensulfuron pulse recovered quicker. Both pulses caused significant differences to the 
fresh weight when compared to unaffected controls. 
  
 
 
 
 
 
 
 
 
Figure 26: Growth inhibition in terms of a reduced fresh weight caused by pulsed (left: one-day pulse; 
right: three-day pulse) and constant Iofensulfuron exposure and the respective model predictions of the 
effective internal concentrations (blue lines). 
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Discussion 
Experimental results 
The average relative growth rate of plants in the control groups, in terms of dry weight, were 
0.066 ± 0.004 (test1), 0.061 ± 0.004 (test 2) and 0.052 ± 0.004 (test 3). Similar relative growth 
rates of 0.056 and 0.088 were reported by Knauer et al. (2006) and Cedergreen et al. (2004), 
indicating that the test system was appropriate to detect toxic effects. Also the relative growth 
rate on the basis of length was with 0.093 ± 0.006 similar to the relative growth rates between 
0.1 and 0.13 reported by Mohr et al. (2013). 
Iofensulfuron affected growth related endpoints in a different way. While shoot elongation 
and gaining fresh weight was inhibited, gaining dry weight was hardly affected. Belgers et al. 
(2011) and Wendt-Rasch et al. (2003) discovered the same characteristics for another 
compound, Metsulfuron-methyl. Both compounds belong to the group of Sulfonylureas 
herbicides and show structural properties of Triazines, another group of herbicides, and might 
therefore show similar toxicity. However, for other Sulfonylurea herbicides, as Sulfosulfuron 
and Bensulfuron, it was shown that dry weight was affected (Davies et al. 2003; Getsinger 
1994). But Sulfosulfuron and Bensulfuron do not have, in contrast to Metsulfuron-methyl and 
Iofensulfuron, structural properties similar to Triazines. 
Sulfonylureas herbicides affect plant growth by altering the amino acid synthesis through 
inhibiting acetolactate synthase (Ray 1984; Chaleff and Mauvis 1984). Triazines inhibit the 
photosynthesis by inhibiting the electron transport in PSII and therefore stopping ATP and 
NADPH production as well as the carbon reduction cycle (Powles and Qin Yu 2010). The fact 
that Iofensulfuron treatments did hardly affect dry weight indicates that photosynthesis was 
not inhibited. This is in accordance with Belgers et al. (2011) stating that dry weight of main 
shoots increased at high Metsulfuron-methyl treatments. The exact mechanism of 
Chapter IV: Integrating toxicodynamics to predict effects of pulsed chemical exposure 
75 
 
Iofensulfuron causing the observed growth response, cannot be resolved in this work. Since 
other Sulfonylurea herbicides, that did not have properties of Triazines, affected M. spicatums 
dry weight, it is reasonable to assume that the specific growth response to Iofensulfuron 
treatments is caused by properties of a herbicide showing structural similarities to 
Sulfonylureas and Triazines. The contradictory findings, that fresh weight is more affected 
than dry weight, might be caused by a reduced volume of plants when shoot elongation is 
inhibited although biomass increases.  
Coefficients of variation in the constant exposure test were 11.6% for yield length 10.3% for 
yield fresh weight and 9.7% for yield dry weight after 14 days. The validity criterion that 
coefficients of variation based on yield fresh weight must not exceed 35% (OECD draft, 
2013b) was met. Likewise plant length and fresh weight of control groups increased more 
than 50% during the toxicity test (72.6% ± 2.2% and 70% ± 2%) as demanded by the OECD 
draft guideline (2013b).  At day seven, coefficients of variation were higher for yields being 
based on weight values than for yields being based on length values. This might be due to a 
defined length of plant shoots that were used at the test initiation in contrast to plant weights 
which were not defined at test initiation. It was observed that coefficients of variation were 
smaller in the control groups and in lower treatment groups than coefficients of variation in 
higher treatment groups. This might be due to individual differences of plants detoxifying 
Iofensulfuron.  
ECX were established for several measured plant characteristics being based on seven or 14 
days. Establishing ECX based on dry weight was, because dry weight was only slightly 
affected by Iofensulfuron, only possible in some cases. It was more meaningful to use ECX 
based on length or on fresh weight. As already stated in Chapter II, ECX being based on the 
RGR or on yields are less depending on the experimental duration and are therefore more 
reliable.   
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Model based results 
The model showed that it can be used to predict the effects of pulsed exposure scenarios by 
calibrating the internal dose-response function to standard (constant exposure) toxicity data. 
This method can be easily realized, since often, standard toxicity data are available.  
In some cases it was shown, that the time weighted average approach (TWA) is also suitable 
to predict effects caused by pulsed exposure to Sulfonylureas (Belgers et al., 2011). Applying 
the TWA approach to the two pulsed exposure scenarios in this work resulted in Iofensulfuron 
concentration of 0.07 [µg/L] (one-day exposure) and 0.22 [µg/L] (three-day exposure). When 
comparing these concentrations to the effects caused by similar concentrations in the constant 
exposure test, it is obvious, that at least for the one-day exposure effects are underestimated. 
While the one-day exposure caused a reduction in yield plant length of 15.1%, the TWA 
equivalent of 0.07 is not expected to have any negative effects on M. spicatums length since 
in the constant exposure test the 0.08 [µg/L] treatment did not show any adverse effects. The 
TWA approach might be able to describe the effects of the three-day pulsed properly. But 
because of a TWA equivalent concentration of 0.22 [µg/L] which is in between the range of 
slight (0.12 [µg/L]) and strong (0.29 [µg/L]) effects in the constant exposure test, the validity 
of the TWA approach cannot be verified in this case. 
While the determination of ECxs using the classical standard toxicity data was limited and 
only reasonable for some endpoints, the established model-based internal dose-response 
function was able to describe the effects on dry weight and length growth properly. An 
advantage of the internal dose-response function is its independency from the test design and 
the experimental duration, as it considers growth and is based on all data (measurements at 
day seven and at day 14) that are available. The         is not equal to an external EC50 and 
always implies toxicokinetics. This will result in a lower         than an EC50 that is based on 
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the external water-concentration, since the chemical has to enter the plants first and it takes 
some time for chemicals to be in equilibrium with the external phase.  
As seen in Chapter III, considerable amounts of Iofensulfuron or its metabolites remained in 
the plants after plants were transferred to clean water. Although, internal Iofensulfuron 
concentrations were not measured in the toxicity tests, it can be assumed that they were 
present in plants. Since recovery in terms of length growth occurred, it is reasonable to 
conclude that these persistent residues do not affect the plants any further. This may be due to 
the formation of metabolites that are not toxic, or due to the plant moving Iofensulfuron to 
compartments, as vacuoles, where it cannot impact plant processes.    
Which modes of action can be integrated into the model? 
In general, every mode of action that affects M. spicatums’ dry weight or length can be 
integrated into the model. However, two general approaches have to be distinguished. While 
some modes of action can be integrated into the model mechanistically, as the inhibition of 
photosynthesis or the stimulation of respiration, other modes of action as the inhibition of 
amino acid synthesis or the inhibition of cell division, must be integrated empirically by 
describing the effect on the dry weight or length (Table 11).  
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Table 11: Mode of action of some herbicide classes and their possible integration into the toxicodynamic 
submodel (modes of action are based on Duke (1990), if not otherwise stated). 
Mode of action Herbicide classes Integration into 
the model 
Inhibition of amino acid 
synthesis 
Sulfonylureas empirically 
Inhibition of 
photosynthesis 
Triazines, Substituted ureas mechanistically 
Inhibition of cell 
division 
Dinitroanilines empirically 
Alteration of 
partitioning pattern to 
plant organs (leaves, 
stems, rootstock) 
Mono/Trichloroacetic acid (root:stem ratio 
changed; Sutinen et al. 1997) 
mechanistically 
Alteration of plant 
hormone homeostasis 
Synthetic Auxins empirically 
Inhibition of carotenoid 
synthesis 
m-Phenoxybenzamides empirically 
 
However, this does not limit the applicability of the model to describe the other modes of 
action since the underlying toxic mechanisms are often not measured in standard toxicity test 
with M. spicatum, but the effects on weight and length are recorded (OECD 2013b). 
Therefore, the mechanistic integration of chemical induced effects is only in rare cases 
possible, where data from toxicity tests are available that provide more information than what 
standard toxicity tests with M. spicatum normally provide. A special case is the 
photosynthetic inhibition that is typically not measured in standard toxicity tests, but is for 
some chemicals available because of relatively simple methods to measure it.  
Toxicokinetic and toxicodynamic models for evaluating pulsed exposure scenarios 
The idea of using toxicokinetic and toxicodynamic models to link constant exposure to pulsed 
exposure scenarios is not novel. Several toxicokinetic and toxicodynamic models are 
available, addressing different species and being based on different model concepts. 
Van den Brink et al. (2007) presented an individual-based approach to model growth of 
Asselus aquaticus after pesticide contamination. While the model considered toxicodynamics, 
toxicokinetics were not explicitly modelled but considered as spatial temporal exposure 
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scenarios provided to the model as input. Ashauer et al. (2007) published the Threshold 
Damage Model (TDM) which considers toxicokinetics and toxicodynamics and presented an 
example of how effects on Gammarus pulex caused by time-variable exposure can be 
analysed. The toxicodynamic part of the model is based on survival probability which is, at 
least for aquatic macrophytes, an uncommon endpoint and, in contrast to the M. spicatum 
model, the toxicokinetics and toxicodynamics were not coupled with a growth model. Similar 
to Ashauer’s et al. (2007) approach, is Hickies et al. (1995) toxicokinetic and toxicodynamic 
model approach of Pimephales promelas. While the toxicokinetic approach is similar in both 
models, toxicodynamics in Hickies’s et al. (1995) approach are based on critical body 
residues.  Weber et al. (2012) published a model simulating growth of algae in flow-through-
systems. While the model describes algae growth and contains toxicodynamics, it is not 
considering toxicokinetics but external chemical concentrations. A growth model with a 
similar toxicokinetic and toxicodynamic concept was developed by Schmitt et al. (2013) for 
Lemna spp.. However, since Lemna and Myriophyllum show morphological and physiological 
differences, the toxicokinetic structure is not equal and crucial differences between the growth 
submodels exist.   
The toxicodynamic concept presented in this chapter is intended to integrate typical endpoints 
measured in macrophyte toxicity tests, that is, the external concentration at which a 
percentage of inhibition is observed. The toxicodynamic concept might be modified to 
describe other modes of action, if other toxicity data are available.  
Limitations 
Using the model to predict the yield in dry weight in control groups resulted in an obvious 
underestimation of the plants’ dry weight, although, the environmental conditions that were 
recorded during the toxicity tests, as light intensity, temperature, pH and DIC, were used as 
model-input parameters. Since the growth predictions of the model were only tested in low 
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pH-value system (pH < 7), it is reasonable to assume that the dependency between pH and 
plant growth is not described properly at pH values of 9 and higher (these values were present 
during the toxicity tests).    
Model predictions are strongly depending on the quality of provided input data. Especially the 
quality of the internal dose-response functions is depending on the quality of the toxicity tests 
used to establish it. As shown in Table 11, all of the common herbicide modes of action can 
be described by toxicodynamics, however, not all modes of action can be described 
mechanistically.  
At this stage, toxicodynamics consider only reversible, sublethal effects and no damage. As 
soon as a chemical is not present inside M. spicatum any more, there are no effects in the 
model predictions. If sufficient data are available, also other toxicodynamic approaches might 
be integrated into the model. Since the model only considers sublethal effects, M. spicatum 
plants cannot directly die off through chemical induced effects. However, at long-term 
chemical exposures, plants might die off through their respiration, if the assimilation of dry 
weight through photosynthesis is entirely inhibited on a long-term scale.         
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Introduction 
To determine whether adverse effects on aquatic macrophytes can be expected by the specific 
application of a chemical, as a plant protection product being used in agricultural practice, 
exposure and effect assessment are conducted. On the side of exposure assessment, 
mechanistic models (FOCUS 2006) are used to predict long-term concentration profiles for 
different regions all over Europe differing in the environmental conditions, such as the 
climate or the soil type. As a worst case scenario, the maximum of the predicted 
environmental concentration (PEC) or in some cases, the time-weighted average (TWA) is 
considered in the effect assessment (EFSA 2013a). The effect assessment follows a tiered 
approach with conservative but less realistic approaches as standard toxicity test at lower tiers 
and less conservative but more realistic approaches at higher tiers as species sensitivity 
distribution or mesocosm studies. Effect assessment endpoints as EC50 or HC5 (5th percentile 
of the species sensitivity distribution) are divided through an assessment factor specific for 
each tiered approach to account for uncertainty. This procedure results in a regulatory 
acceptable concentration (RAC). Exposure and effect assessment are merged through 
comparing the PEC with the RAC. Adverse effects on aquatic macrophytes can be excluded 
when the RAC is above the PEC.  
While in the exposure assessment, annual exposure-profiles are predicted, only the PECmax or 
in some cases the TWA concentration is considered in the effect assessment. This approach 
can be seen as a conservative one, however, it might also be unrealistic in aquatic systems, 
where pulsed exposure of chemicals, such as plant protection products regularly occur. 
Furthermore, only a small part of the information provided by the exposure assessment is used 
by the effect assessment.     
Toxicokinetic and toxicodynamic models of aquatic macrophytes offer the ability to link the 
exposure and the effect assessment by considering an entire exposure-profile and not only the 
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PECmax or the TWA concentration. Additionally, they can be used to analyse long-term 
effects and several exposure-profiles without much effort.  
The aim of this work was to extend the growth model of M. spicatum from Chapter II to 
enable the prediction of long-term growth in the field. Therefore, the annual life-cycle of M. 
spicatum was integrated into the model by using processes described in an earlier growth 
model of M. spicatum (Best and Boyd 1999). Furthermore, two case studies with Isoproturon 
and Atrazine exposure-profiles were analysed to demonstrate how the outcome of the model 
might be used in a risk assessment context. The procedure of processing and evaluating model 
predictions is in accordance with the SETAC technical workshop MODELINK (How to Use 
Ecological Effect Models to Link Ecotoxicological Tests to Protection Goals) in which this 
model was used as one of two example TK/TD aquatic macrophyte models.         
 
Material and Methods 
To predict growth of M. spicatum for a one year period, the growth model of Chapter II was 
used as a basis. To fit the scope of evaluating long-term exposure-profiles, the model from 
Chapter II had to be adapted. Processes describing the annual life-cycle were integrated into 
the model approach. Toxicokinetics and toxicodynamics were based on Chapter III and IV. 
Model concept 
Life-cycle processes 
Observed annual growth pattern 
M. spicatum shows a typical iterative annual growth pattern. It grows straight to the water 
surface early in spring from established overwintering rhizomes and short shoots, building a 
dense canopy (Adams et al. 1974). Upon reaching the water surface, plants typically flower 
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(Smith and Barko 1990). Simultaneous with the flowering period, and preceding a period of 
senescence characterized by auto-fragmentation of plant parts, a biomass peak occurs (Adams 
et al. 1974). In areas where the biomass peak and flowering period occurs early in the season, 
(May to June) a second biomass peak and a second flowering period succeeded by 
senescence, characterized by auto-fragmentation takes place (Adams 1974b; Titus and Adams 
1979a; Madsen 1997). Although, depending on the water depth and other environmental 
conditions M. spicatum populations might also show only one biomass peak and one 
flowering period (Madsen 1988). 
Overwintering 
M. spicatum overwinters as a mass of roots with short but healthy shoots (Titus and Adams 
1979a). Throughout the season, M. spicatum populations are characterized by shifting non-
structural carbohydrates to different plant organs. The root crown is the main storage for non-
structural carbohydrates in overwintering M. spicatums (Madsen 1997). Highest total non-
structural carbohydrate (TNC) levels are observed in January and February, lowest levels 
from April to July (Madsen 1997). During the growing season in summer TNC decline in 
shoots and roots and increase again in autumn (Titus and Adams 1979a).      
Processes used to describe the annual life-cycle 
The processes that are necessary to reproduce the annual life-cycle of M. spicatum are listed 
in Table 12. In general, the life-cycle is described by the overwintering and senescence 
pattern of M. spicatum (Figure 27). The underlying processes have been extracted from Best 
and Boyd`s (1999) model approach and, therefore, they are only generally described. 
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Table 12: List of processes added to the M. spicatum growth model to integrate the annual life-cycle. 
Added processes Characterization Reference 
Development rate 
Used to synchronize life-cycle processes; depending on 
the average daily temperature 
based on Best 
and Boyd 
(1999) 
Overwintering 
A fourth compartment, the rhizome, is added to the 
model and used as an overwintering organ and for 
promoting  growth early in the season 
 
Remobilisation 
Movement from dry structural matter from the rhizome to 
other plant compartments 
 
Translocation 
Movement from dry structural matter from other plant 
compartments to the rhizome 
Death rate 
Considers auto-fragmentation of plant parts after 
flowering 
Shading 
Used to reduce light intensity in the water column caused 
through plant biomass 
  
A fourth compartment, the rhizome, is added to the already existing compartments (roots, 
stems, leaves), to specify processes, such as senescence and overwintering. A temperature-
dependent development rate is used to synchronize these processes.  
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Figure 27: Model concept and interactions of the toxicokinetic and toxicodynamic submodels with the 
growth model from Chapter II including the annual life-cycle of M. spicatum, where grey boxes represent 
input data necessary to run the model and where parentheses represent model processes. 
 
The rhizome is used as an overwintering organ and stores dry structural matter. In spring, in 
the early growing season, the rhizome supports building up other plant parts. In autumn, it is 
refilled by translocating structural matter from other plant parts to the rhizome. To be able to 
reproduce two biomass peaks, which typically occur in the field, two plant cohorts are used, 
both supported by remobilizing structural matter from the rhizome at their growth initiation 
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and translocating structural matter back to the rhizome when their growth period ends. The 
onset and ending of these processes are synchronized by the development rate which also 
regulates the death rate. The death rate is active when the growth period of plant cohorts ends. 
A constantly occurring process, independent from the development rate, is the reduction of 
irradiance within the water column caused by absorption of light on plant tissues. For these 
processes, the dry structural matter of M. spicatum is partitioned to the different layers inside 
the water column by a specific pattern. The detailed description and parameterization of the 
processes can be found in Best and Boyd´s (1999) model report.   
A minor change was introduced to the development rate enabling the appliance of the model 
on a wider range of temperate climates. The sum of the average daily temperatures is still 
used to define a development stage but different rates are not considered before and after 
anthesis anymore. Furthermore, the development rate is automatically calibrated to the 
provided temperature pattern of a year.  
Equation 22 
          
∑       )
   
   
   
  
Equation 22 is used to calculate the daily development rate (        ) with    as the daily 
average temperature in degree Celsius and     being a threshold (3[ºC]), above which the 
temperature is considered being relevant for the development rate. The value 2.5 is based on 
Best and Boyd (1999), a detailed table with the synchronization of the different growth 
processes can be found in their report. The synchronization of annual growth processes is only 
valid for temperate climates. 
Toxicokinetics and toxicodynamics 
Toxicokinetics are based on the description in Chapter III. Parameters necessary to use the 
kinetic submodel were obtained by using the approach stated in Chapter III and the 
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octanol/water partition coefficient of the respective chemicals. Toxicodynamics were based 
on Chapter IV. 
Model testing 
Model simulations of annual aboveground biomass were compared with aboveground 
biomass measurements of M. spicatum which took place in Lake Wingra throughout two 
seasons in the 1970s. Environmental input data, necessary to run the model, have been 
obtained from different sources. In some cases, environmental ambient conditions were not 
available for the specific years in which the biomass of M. spicatum was measured in the 
field. In these cases environmental conditions recorded in other years were used. Table 13 
shows an overview of the data used to test the model. Initial biomass at the start of the 
simulation was taken from Smith and Adams (1986). 
Table 13: Source of environmental data used as model-input to compare model predictions to field 
measurements. 
   Source of environmental conditions 
Source of field 
measurement 
Year of field 
measurement 
Site of 
measurement 
PAR Temperature pH DIC 
Titus et al. 
(1975) 
1972 Lake Wingra, 
Madison, 
Wisconson, 
USA 
National 
Renewable 
Energy 
Laboratory, 
Golden, 
Colorado, 
USA 
National 
Weather 
Service, 
Silver Spring, 
Maryland, 
USA 
Tressler and 
Domogalla 
(1931) 
Tressler and 
Domogalla 
(1931) 
Smith and 
Adams (1986) 
1970 Lake Wingra, 
Madison, 
Wisconson, 
USA 
National 
Renewable 
Energy 
Laboratory, 
Golden, 
Colorado, 
USA 
National 
Weather 
Service, 
Silver Spring, 
Maryland, 
USA 
Tressler and 
Domogalla 
(1931) or 
Adams et al. 
(1974) 
Tressler and 
Domogalla 
(1931) 
   Year of measurement 
   1972 1972 1929 1929 
   1977 1977 1929 or 
1971 
1929 
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Case studies 
Two examples are presented on how the modelling approach can be used in the context of 
assessing the risk of M. spicatum populations to time-variable exposure. The predicted 
environmental exposure-profile of Isoproturon from a FOCUS (FOCUS 2006) scenario was 
used as a first example, the measured environmental concentration of Atrazine from a stream 
monitoring program in the south of Germany as a second one. 
Case study I  
The growth of M. spicatum under Atrazine exposure was evaluated using the small river 
Leimbach, located in the south of Germany. The monitoring program of the State Office for 
the Environment, Measurements and Nature Conservation of the Federal State of Baden-
Württemberg provided monthly Atrazine concentrations, as well as water temperatures and 
the pH of the water for the year 2011. Since only monthly measurements were available, 
cubic interpolations (MATLAB 2012) were used to derive values for each day of the year 
2011. Light intensity was taken from a weather station in Mannheim (Germany), close to the 
river Leimbach and the concentration of dissolved inorganic carbon, as it appears in waters, 
was taken from Tessler and Domogalla. (1931). The internal dose response relationship of 
Atrazine was established using the EC50 value (117 [µg/L]) determined by Kemp’s et al. 
(1985). The slope of the curve was estimated by the EC50 and the EC1 values, both determined 
in Kemp et al. (1985) work. Since the effects of Atrazine were determined after four weeks, it 
was assumed that the internal concentration is in equilibrium with the external one, only 
differing in the plant/water partition coefficient of Atrazine. Initial biomass of a M. spicatum 
population was based on Smith and Adams (1986) and the cuticular permeability of Atrazine, 
necessary to calculate internal concentration, on Equation 16    
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Case study II 
Environmental concentrations of Isoproturon were predicted using the FOCUS (FOCUS 
2006) run-off scenario R4, which represents an area in southern France. Physico-chemical 
properties of Isoproturon, necessary to run the FOCUS models, were taken from Adriaanse et 
al. (2008). While annual patterns of dissolved inorganic carbon (DIC) and pH were based on 
the same data as in case study I, temperature and irradiance were already provided by the 
FOCUS scenario. The internal dose-response relationship for Isoproturon was established 
using the EC50 from a ringtest report (AMEG 2012), in which several laboratories participated 
(mean EC50: 72 [µg/L]; N:5). Since the duration of the test was, compared to the test used to 
establish a dose-response relationship in case study I, relatively short (14 days), the 
toxicokinetic submodel was used to calculate internal concentrations when plants are exposed 
to 72 [µg/L]. The mean of the predicted internal concentrations of the plants (60.24 [µg/L]) 
for 14 days was then used as        value. The slope of the dose-response relationship was, 
in accordance to Atrazine, set to two because no additional information was obtainable. Initial 
biomass and the cuticular permeability for Isoproturon were taken from the same sources as in 
case study I.    
How does the growth rate influence the prediction of effects 
The growth rate of M. spicatum is depending on ambient environmental conditions. To 
analyse how the growth rate influences the prediction of effects, the calculation of the 
photosynthetic carbon assimilation inside the growth submodel was manually set to values in 
the range of 0 to 10 [mg C biomass
-1
 h
-1
]. In order to cause effects, the environmental 
Isoproturon concentration and the respective dose-response relationship from case study II 
were used. To have considerable effects, the Isoproturon exposure-profile was multiplied by 
10
7
. Effects were determined by relating the annual growth under Isoproturon exposure to 
unaffected growth with the same photosynthetic carbon assimilation. It was analysed whether 
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an increased growth rate promotes or decreases the predicted effects caused by the same 
Isoproturon exposure-profile. 
Sensitivity analysis 
To quantify the magnitude to which degree input parameters influence the outcome of model 
predictions, a sensitivity analysis was conducted. The predicted maximum effect throughout a 
season was calculated based on unaffected growth and growth under time-variable exposure 
with a hypothetical chemical. As external concentration, the exposure scenario from case 
study II was used, increased by a factor of 100 to intensify effects. The cuticular permeability 
and the plant/water partition coefficient were based on Equation 16 and on Equation 11, 
considering a chemical with an octanol/water partition coefficient of one. DIC, pH, 
temperature and PAR were based on common values while the initial weights were based on 
the measurements of Smith and Adams (1986). All other input parameters were based on 
meaningful estimations. The sensitivity analysis was conducted using SIMLAB (2012) and 
the method of Sobol (2001). Table 14 specifies the input parameters used in the sensitivity 
analysis.  
Table 14: List of input parameters and their boundaries used for conducting sensitivity analysis. 
Input Parameter Description Unit Value Boundary 
PM Cuticular permeability [cm/d] 0.0129 ± 50% 
Kpw Plant/water partition coefficient [-] 2.85 ± 50% 
EC50(internal) Effective concentration [µg/L] 10 ± 50% 
HS Hill coefficient [-] 2 ± 50% 
DIC Dissolved inorganic carbon [mg C/L] 10 ± 50% 
pH pH [-] 7.5 ± 50% 
Temp Temperature °Celsius 20 ± 50% 
PAR Photosynthetic active radiation 
[µmol 
photons/m² 
s] 
100 ± 50% 
Depth Water depth [m] 1.5 ± 50% 
IN_DW_RS Initial weight rootstock [g/m²] 35 ± 50% 
IN_DW_AG Initial weight aboveground [g/m²] 56 ± 50% 
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Results 
Model testing 
The absolute aboveground biomass which increased throughout the season in 1972 (Figure 
28; left side) and 1970 (Figure 28; right side) in Lake Wingra is considerably lower than the 
biomass predicted with the population model. To be able to compare the general annual 
growth pattern of simulations and field data, neglecting the absolute biomasses, model 
predictions and field data were related to different scales (left and right-side of x-axis).  
The general annual biomass pattern of M. spicatum in 1972 can be predicted in good 
agreement with field data, although, the second biomass peak, which occurs in late summer, 
was slightly overestimated by the prediction. The decrease of aboveground in winter was 
properly reproduced by the model.  
 
 
 
 
 
 
 
The predicted biomass development in 1970 is not as close to the field data as the previous 
simulation (Figure 28; right side). Depending on the annual pH course used as environmental 
condition, the model predicted two biomass peaks which were nearly the same in size or two 
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Figure 28: Predicted (blue line) and measured (black points) annual biomass pattern of M. spicatum 
populations in Lake Wingra based on measurements of Titus et al. (1985) from 1972 (left side) or based on 
measurements of Smith and Adams (1986) from 1970 (right side) . 
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biomass peaks where the second one in late summer was considerably smaller than the first 
one. Both predictions can be used to explain a part of the observed field data. 
Case study I 
The original Atrazine concentration, as monitored in a stream in south-western Germany, did 
hardly affect the annual biomass pattern of M. spicatum populations (Figure 29). When the 
original Atrazine concentration was increased by a factor of 10
3
 effects become obvious. 
Especially the first annual biomass peak was decreased by high Atrazine concentrations.   
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Figure 29: Annual biomass pattern of M. spicatum populations affected by an Atrazine exposure-profile. 
Numbers in the legend symbolize simulations with different exposure-profiles, where the number is equal 
to the factor that was used to increase the original Atrazine exposure-profile. 
 
Case study II 
The populations of M. spicatum in case study II showed, equally to case study I, two biomass 
peaks (Figure 30). However, the maximum biomass peak was nearly eight times higher than 
in case study I. The original Isoproturon concentration, as predicted by FOCUS models, did 
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not cause effects on the annual biomass pattern. The original concentration had to be 
multiplied by 10
3
 to provoke biomass alterations in comparison to the unaffected population. 
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Figure 30: Annual biomass pattern of M. spicatum populations affected by an Isoproturon exposure-
profile. Numbers in the legend symbolize simulations with different exposure-profiles, where the number 
is equal to the factor that was used to increase the original Isoproturon exposure-profile. 
 
 
How does the growth rate influence the prediction of effects 
The maximum effects throughout a season caused by an Isoproturon exposure-profile 
increased with increasing photosynthesis (Figure 31). Strongest effects will be triggered when 
growth is not or only slightly limited by environmental conditions considered within the 
model such as light intensity, temperature, pH and the concentration of dissolved inorganic 
carbon.  
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Figure 31: Influence of M. spicatum’s growth rate in terms of photosynthetic intensity on the predicted 
maximum effects caused by an Isoproturon exposure-profile 
 
Model results in the context of risk assessment 
For basing risk assessments on such modelling approaches, further processing’s of model 
outcomes must be conducted. Since there is no official guidance on how to deal with model 
outcomes, an example is presented in respect to the approach currently used in the tiered risk 
assessment scheme in the aquatic risk assessment and in respect to the recommendations of 
the macrophyte group from the technical SETAC workshop MODELINK (in press). 
Regarding the EFSA aquatic guidance document (2013a) the ecological entity to be protected 
is on the population level for macrophytes by considering their growth and/or 
abundance/biomass. Two different protection goal options are available, the ecological 
threshold option (ETO) and the ecological recovery option (ERO). While the ETO only 
accepts negligible populations-level effects, the ERO accepts medium effects for weeks and 
small effects for a few months. Large effects are not acceptable even if recovery can be 
demonstrated.  
To be able to evaluate the model outcome in regards to one of these specific protection goal 
options, values must be proposed that define negligible, small and medium effects. In 
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accordance with the MODELINK workshop (in press), negligible effects were proposed to be 
effects that cause biomass deviations of less than 10% throughout the considered season. For 
the ERO, it was proposed that small effects are effects that cause biomass deviations between 
10 – 20% if plants recover within four month, and that medium effects are effects that cause 
biomass deviations between 20 – 50% if plants recover within eight weeks.  
Summarizing the effects of the exposure scenarios from the two case studies results in two 
diagrams (Figure 32). Figure 32 illustrates the maximum effects caused in case study I (left 
hand-side) and case study II (right hand-side) in dependency on the factors used to increase 
the external exposure scenario.        
The grey-coloured areas symbolize blocks in which the specific protection goals can be 
applied, based on the proposed effect criteria. While the light-grey area represents a sector 
where the ETO can be applied without expecting adverse effects on macrophytes, the 
medium-grey area represents the sector where the ERO can be applied. For the ERO, not only 
the maximum effect but also the duration of effects has to be considered (Table 15).  
 
Figure 32: Summarizing the effects caused by Isoproturon (left) and Atrazine (right) exposure-profiles. 
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Table 15: Number of days with biomass deviations from unaffected growth divided into magnitude levels. 
Isoproturon Factor for exposure scenario Atrazine Factor for exposure scenario 
Deviation [%] 1 10
2
 10
3
 10
7
 Deviation [%] 1 10
2
 10
3
 10
4
 
> 10% 229 229 157 103 > 10% 259 362 106 97 
> 20% 0 99 68 32 > 20% 0 0 149 4 
> 30% 0 0 25 18 > 30% 0 0 30 129 
> 40% 0 0 0 13 > 40% 0 0 23 23 
> 50% 0 0 0 15 > 50% 0 0 37 20 
> 60% 0 0 0 16 > 60% 0 0 0 23 
>70% 0 0 0 22 >70% 0 0 0 36 
> 80% 0 0 0 41 > 80% 0 0 0 2 
> 90% 0 0 0 43 > 90% 0 0 0 0 
 
So far, the model-based evaluation delivered the size that factors, which were used to increase 
the exposure scenario, can have without expecting adverse effects on M. spicatum. These 
factors can also be called margins of safety (MoS).  
During the classical risk assessment a regulatory acceptable concentration (RAC) is establish 
in regards to the quality and quantity of toxicological data. For macrophytes, an ecological 
relevant toxicity measure as EC50 or HC5 is divided through an assessment factor (AF). AFs 
account for uncertainties and decrease with increasing realism of the toxicological data. To 
estimate adverse effect on macrophytes, the RAC is compared with the predicted 
environmental concentration (PEC) and should be larger than the PEC. 
In accordance with the MODELINK report (in press), Equation 23 is used to calculate a RAC 
from the model output. 
Equation 23 
    
       
  
 
It is reasonable to use the PECmax and an assessment factor considerably lower than ten, since 
this value is used for standard toxicological data (EFSA 2013a). In contrast to RAC in 
general, this special kind of RAC is only valid for specific exposure scenarios. In this 
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example, the evaluation of the two specific exposure scenarios of Isoproturon and Atrazine 
results in RACs of 360.5 and 17.3 [µg/L] respectively or 845 and 16.5 [µg/L] depending on 
which protection goal option is applied (Table 16).  
Table 16: PECmax and MoS for the different protection goal options.  
 PECmax [µg/L] MoS (ETO) MoS (ERO) AF (ETO) AF (ERO) 
Isoproturon 33.8 32 125 3 5 
Atrazine 0.35 148 236 3 5 
 
Sensitivity analysis 
The sensitivity in terms of the magnitude in which input parameters influence the maximum 
biomass deviation throughout a season, when compared to unaffected control growth, is 
displayed in Figure 33. Because the influence of the pH on growth of M. spicatum seems not 
to be properly integrated in the model (see Chapter IV), two parameter-sets were used, one 
including the pH, the other one assuming the pH to be constant. When the pH is considered, it 
is the input value that influences the model outcome the strongest, next to the temperature and 
the aboveground dry weight. Input values that are used to establish an internal dose-response 
(        & HS) function have only small influence on model predictions.  
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As apparent in Figure 34, the strong influence of the pH covered the influence of other input 
parameters. When the pH is not considered, the temperature has the strongest influence but 
also cuticular permeability (PM) and the plant/water partition coefficient (Kpw) show their 
importance for model predictions. The initial plant weight and the water depth have only 
small impacts on the model predictions.     
 
3% 3% 
7% 
42% 
15% 
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22% PM
Kpw
DIC
pH
Temp
PAR
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DWAG
Figure 33: Sensitivity analysis of model-input parameters when all input parameters are considered (PM: 
cuticular permeability; Kpw = plant/water partition coefficient; 𝑬𝑪𝒊𝒏𝒕𝟓𝟎: effective concentration; HS: Hill 
coefficient; DIC: dissolved inorganic carbon; PAR: photosynthetic active radiation; DWRS: dry weight 
root stock; DWAG: dry weight aboveground). 
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Figure 34: Sensitivity analysis of model-input parameters when all input parameters except for the pH 
are considered (PM: cuticular permeability; Kpw = plant/water partition coefficient;        : effective 
concentration; HS: Hill coefficient; DIC: dissolved inorganic carbon; PAR: photosynthetic active 
radiation; DWRS: dry weight root stock; DWAG: dry weight aboveground). 
 
 
Discussion 
Model testing  
Although, the model cannot be used to predict the annual biomass development in the field 
one to one, it reproduces the general biomass pattern in accordance to field data. Since the 
model simplifies growth by only considering some factors influencing growth, this outcome 
was already expected. It has to be noted that maximum biomass predictions, in general, are 
unlikely to occur in the field because of several other factors, such as competition or nutrition 
decreasing the biomass. The maximum reported biomass value of a M. spicatum populations 
is 2,283 [g/m²] (Budd et al. 1995), thus, the maximum biomass predictions of 2,177 and 2,402 
[g/m²] are not out of scope, but still not in accordance with the measured ones.  
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While one of the biomass pattern, with two similar biomass peaks, was very closely 
reproduced by the model, the other one differs from model predictions. However, in the latter 
case, the first biomass peak is reproduced properly, while a second and third biomass peak 
can only be partially predicted depending on the source of pH-values used as model-input. It 
appears as some of the biomass patterns can be explained with an annual pH regime based on 
Tressler and Domogalla (1931), resulting in two clear biomass peaks, in contrast to the annual 
pH regime based on Adams et al. (1974) which can be used to explain lower biomass peaks in 
late summer.  
To get a better understanding of the reasons why those differences between field data and 
model predictions might appear, one has to consider the way the measurements where done 
and the potentially occurring small scale differences in lake water properties. Since 
destructive measurements are necessary to obtain dry weight values, these values have to be 
based on different sites in a lake. These sites might have unique, small-scale conditions as 
competition or nutrition being different to other sites that were also used for destructive 
measurements. 
Furthermore, pH and DIC values are not constant within a water column and during a day, 
however, just one daily value was used as model-input.  
The field data might, in this case, be based on an inhomogeneous group of measurements, 
making it difficult to reproduce this pattern with generalized input data 
 Case studies 
The general annual biomass pattern was the same in both case studies with two biomass 
peaks, where the second one was considerably higher. However, the absolute biomass values 
were very different in both case studies, with the second case study showing nearly seven 
times more biomass at the highest biomass peak. These differences were caused by different 
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climatic input data, especially through the light and temperature profiles of the respective case 
studies. While case study I simulated growth considering climatic data from Germany, case 
study II considered climatic data from south France with relatively strong light and 
temperature intensities. However, it has to be noted that the maximum biomass in case study 
II is unrealistic, especially in a stream of 0.3 [m] depth. Maximum reported biomass values 
for M. spicatum are 2,283 [g/m²] (Budd et al. 1995). Reasons for these high biomass 
predictions might be growth influencing factors that are not considered, as well as the initial 
weight that was used for model predictions. It is based on measurements in a 1.5 [m] deep 
lake and might be different from initial biomasses of a population in a shallow stream.  
For the evaluated exposure-profiles of Atrazine and Isoproturon, model predictions did not 
indicate any adverse effects when simulations were based on the original exposure-profiles. 
Adverse effects were only observed when the exposure-profiles were raised. To see clear 
effects, the original Isoproturon exposure-profile had to be increased by a factor of 100, the 
original Atrazine exposure-profile even by a factor of 1,000.  
These relatively high factors suggest that no adverse effects on M. spicatum populations are to 
be expected when Isoproturon and Atrazine are applied as evaluated in both case studies.  
In both case studies, the outcome of the simulations could be guessed by comparing EC50 
values and the maximum Isoproturon or Atrazine concentrations in the considered surface 
waters. However, the intention of this work was not to reveal the risk of M. spicatum 
populations in two streams, but to show how a toxicokinetic and toxicodynamic macrophyte 
population model might be used to evaluate long-term exposure-profiles in general.  
How does the growth rate influence the prediction of effects 
An enhanced growth rate increases the magnitude of predicted effects independent from the 
applied exposure-profile. Since growth was overestimated, as shown by comparing field 
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measurements with model predictions of unaffected growth, predictions of growth under 
chemical exposure will represent a worst case scenario. Effects in the field will be smaller 
than effects predicted by the model because of considerably higher growth rates within the 
model. Therefore, model predictions can be seen as protective. 
Model results in the context of risk assessment  
Since the evaluation of long-term exposure scenarios through toxicity test with M. spicatum is 
limited due to the complexity and effort it demands, toxicokinetic and toxicodynamic models 
offer a tool to address these specific risk assessment questions. While the general usefulness 
of toxicokinetic and toxicodynamic models is widely accepted (Jager et al. 2006; Reinert et al. 
2002), they are not generally accepted by regulatory authorities.    
For the evaluated exposure scenarios of Isoproturon and Atrazine, it was shown that adverse 
effects are not to be expected. This is reasonable when comparing EC50s of the chemicals 
(Isoproturon: 72 [µg/L] (AMEG 2012); Atrazine 91.0 [µg/L] (Kemp et al. 1985)) and the very 
short duration of the peak exposure. The factors used to increase the exposure scenarios, also 
named MoS, gave an estimation which exposure pattern is needed to have adverse effects on 
M. spicatum.  
The RACs for Isoproturon and Atrazine are 7.2 [µg/L] and 9.1 [µg/L] when RACs are based 
on experimental standard toxicity data and the procedure stated in the EFSA guidance 
document for aquatic organisms living in edge-of-field surface waters (EFSA 2013a). 
However, the model based RACs, with values of 360.5 and 17.3 [µg/L] or 845 and 16.5 
[µg/L], indicate, depending on the applied protection goal options, that the risk is 
overestimated for the evaluated exposure scenarios. 
Instead of RACs that are valid in general, the model based RACs established for the exposure 
scenarios are specific for each exposure-profile and cannot be used for other exposure-
Chapter V: Applying the model in a risk assessment context 
104 
 
profiles. This must be kept in mind, as it is an important difference to the RACs established in 
the classical risk assessment. 
A main issue of using toxicokinetic and toxicodynamic models in risk assessment is the 
conversion from model outcome to protection goals. With the presented approach, an option 
on how this model might be used in the risk assessment context is provided. The approach is 
in accordance with the proposals of the macrophyte group from the SETAC technical 
workshop MODELINK (in press) in which this and another macrophyte model was applied in 
a risk assessment context. 
The timing of the chemical exposure profile may play an important role when evaluating 
exposure-profiles. While an exposure-profile with concentration peaks in spring or summer 
might have clear impact on the predicted biomass of M. spicatum, exposure-profiles with 
concentrations peaks at the end of the growing season will have a lesser impact due to a small 
growth rate and the natural decline of biomass through decomposition and fragmentation. 
However, this pattern might reflect realistic conditions and does not imply that the model is 
inappropriate to evaluate chemical applications in autumn or winter. 
Sensitivity analysis 
The results of the sensitivity analysis must always be set in relation to the parameters analysed 
and their range but also the model outcome that is evaluated. The sensitivity analysis with a 
parameter-set including pH delivered different results than a sensitivity analysis with a 
parameter-set excluding pH. As already mentioned in Chapter IV, the influence of the pH on 
growth of M. spicatum seems to be not realistically reflected by the model at higher pH 
regimes. This was also shown by the strong sensitivity of the pH on model outcome that was 
above the sensitivity for light intensity and temperature, which are known to be two of the 
most important factors in regulating plant growth. Instead of these important common 
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parameters, aboveground plant weight showed a relatively high sensitivity because it 
strengthened the possible impact of pH since growth is also depending on the already existing 
biomass. 
When the pH is excluded from the sensitivity analysis, it is obvious that it covered the impact 
of other growth influencing factors. Without the pH, temperature, cuticular permeability, 
plant/water partition coefficient and light intensity became the input parameters that are the 
most sensitive in terms of a maximum deviation from unaffected control growth. These 
findings are reasonable because the chemical-specific cuticular permeability, as well as the 
plant/water partition coefficient define the amount of a chemical that is taken up by the plants 
and cause growth inhibition.  
However, it can be expected that toxicodynamic parameters, as         and Hill-coefficient, 
are only not sensitive in this case because they were covered by the cuticular permeability and 
the plant/water partition coefficient.  
In a first step, the uptake of a chemical is depending on toxicokinetics and in a second one, 
the internal concentration caused through toxicokinetics is used for toxicodynamics. When the 
internal concentration is limited because of toxicokinetic parameters, the influence of 
toxicodynamic parameters is predetermined by toxicokinetics.  
These findings are only valid for the conducted sensitivity analysis and do not imply that 
        and Hill-coefficient are generally insensitive in terms of evaluating exposure 
scenarios.      
For a sensitivity analysis with pulsed exposure scenarios, the timing of the exposure is also 
crucial for the outcome. When the plants are exposed to a chemical at the end of a season, the 
impact will be lesser than at the beginning of the season. At the end of the season growth is 
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little due to low light intensities and the decomposition of plants and will have relatively less 
impact on the growth in comparison to the beginning of the season, when plant growth is 
enhanced.     
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The developed toxicokinetic and toxicodynamic growth model of M. spicatum can be used to 
address the effects of pulsed chemical exposure events that regularly occur in edge-of-field 
water bodies. Complex long-term chemical exposure-profiles can be provided to the model to 
predict the effects either on a long-term scale simulating growth under field conditions or on a 
short-term scale simulating growth under laboratory conditions. Since in the risk assessment 
of edge-of-field water bodies annual exposure scenarios are predicted (FOCUS 2006), the 
model might directly be used as a tool in a risk assessment context. 
Results showed that the model is able to predict growth of M. spicatum under laboratory 
conditions in two commonly used toxicity test systems. However, the mechanism of the 
growth promoting influence of sucrose in one of the test systems remained unanswered. In the 
area of toxicokinetics, this work demonstrated that the presented M. spicatum toxicokinetic 
submodel is suitable to describe the available uptake and elimination pattern of organic 
chemicals. Several parameters describing the speed in which chemicals enter M. spicatum 
plants were gained by calibrating the toxicokinetic submodel to available datasets. In the area 
of toxicodynamics it was explained how common herbicide modes of action can be integrated 
into the model. As an example it was demonstrated, by conducting a toxicity test with a 
sulfonylurea, that a standard toxicity test with constant exposure can be used to realistically 
predict effects of pulsed exposures of the same chemical. 
Through the integration of the annual life-cycle of M. spicatum, the model is able to predict 
growth under field conditions. The predicted absolute biomass will, in most cases, be 
overestimated due to growth influencing factors which appear in the field but are not 
considered in the model approach. However, it was shown that the general biomass pattern 
throughout the year is predicted realistically and that the overestimation is protective when the 
effects of chemical exposure-profiles are evaluated. 
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Next to the general development of the model, several particular research questions have been 
addressed. It was shown that it is important to regularly interchange beakers in an 
experimental set-up where light and temperature fluctuations occur to reduce the variability of 
the growth rate of individual plants. Analysing toxicity endpoints demonstrated that endpoints 
based on the relative growth rate or the yield were less sensitive to the experimental set-up 
than endpoints being based on total values or area under the curve. 
For the toxicokinetic submodel, a method was provided on how two toxicokinetic parameters, 
the plant/water partition coefficient and the cuticular permeability, that are necessary to use 
the model, can be estimated, using the octanol/water partition coefficient of a chemical. This 
extrapolation approach simplifies the use of the model since chemical-specific experiments 
are not required. Furthermore, the model delivered insight into the translocation of a chemical 
from roots to shoots and indicated negative effects of Linuron on the xylem-sap flow. 
To link the model output to protection goals, a method was presented on how the model might 
be used in a risk assessment context, providing results that fit in the general risk assessment 
scheme of edge-of-field water bodies. The method is in accordance with the statement of the 
macrophyte group of the technical SETAC workshop MODELINK (in press), where the 
toxicokinetic and toxicodynamic M. spicatum growth model was used as an example aquatic 
macrophyte model. With this method, regulatory acceptable concentrations (RACs) can be 
determined for each exposure-profile.  
Recommendations and limitations 
To evaluate the model output, it is important to know the limitations of the model which are 
given through the structure and through underlying assumptions. To prevent to having to look 
up model limitations from each chapter, a complete summary is given in addition to 
recommendations on how to deal with specific model restrictions. 
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As shown, growth under laboratory conditions is only predicted properly under low pH (pH ≤ 
7) conditions. At higher pH conditions (pH > 7) the growth, in terms of an assimilation of dry 
weight, is underestimated. Since the efficiency of macrophytes to take up dissolved inorganic 
carbon is depending on the carbon species (Vadstrup and Madsen 1995; Sand-Jensen 1983), it 
was assumed, in agreement with experimental data (Titus and Stone 1982), that the 
photosynthesis is lower at high pH values. However, carbon uptake through the sediment, as 
well as the carbon dioxide exchange through the air is not considered in the model. This might 
explain the disagreement between model predictions and growth of M. spicatum under high 
pH conditions. Further disagreements between model predictions and observed growth might 
be due to considering only light intensity, temperature, and the concentration of dissolved 
inorganic carbon as factors influencing growth. However, in natural systems, outside artificial 
laboratory set-ups, more factors, such as competition, pests, disease, nutrition etc. might 
influence the growth pattern of M. spicatum. To be able to describe the growth as measured in 
laboratory tests under pH conditions above seven, a calibration factor can be used instead of 
the pH-growth dependency. It can be recommended to calibrate the unaffected control growth 
in order to focus on growth predictions under chemical exposure. This procedure is not 
limited to growth under laboratory conditions but can also be applied to long-term growth 
using the annual life-cycle of M. spicatum. Since it was demonstrated that the absolute 
biomass predictions in the field are overestimated due to growth influencing factors which are 
not considered in the model, a factor calibrated to field growth data of M. spicatum might be 
used to predict not only the general biomass pattern but also the absolute biomasses more 
realistically. This factor would then account for lake specific growth rates caused by 
conditions not explicitly considered in the model. A calibration factor of 0.26 was suitable for 
a particular lake in North America.  
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When effects caused by chemical exposure are predicted, it is recommended not to use a 
calibration factor but environmental conditions that are hardly growth limiting. Optimal 
growth conditions increase the magnitude of predicted effects and will result in protective 
predictions.  
Toxicokinetics can be predicted for organic chemicals in general. Non-organic chemicals, 
especially, metal-ions will behave different from a toxicokinetic perspective and it might not 
be possible to describe their toxicokinetic pattern with this approach. For metal-ions, it is 
known that some plants release root exudates that might either reduce or enhance the bio-
availability of metals (Hall 2002). The toxicokinetic submodel does not consider phloem 
transport from leaves to roots since only few chemicals are known to be phloem-mobile. 
Typical phloem-mobile compounds are sucrose and other sugar derivates, as well as 
compounds with a pKa between four and six (Kleier 1994). If the model is used for chemicals 
being known to be phloem-mobile, additional transport processes describing the function of 
the phloem have to be considered.  
Processes that lead to a trapping of chemicals inside plants, in terms of moving them to 
specialized compartments or the forming of irreversible bindings, must be described by the 
metabolism term. For a sulfonylurea it was shown, that the fraction of the chemical which 
remained in M. spicatum did not cause toxic effects. So even when persistent residues appear, 
it might be sufficient to focus only on the chemical fraction which is subject to reversible 
transport processes. Xylem-sap flow speed can be neglected in cases where sediment 
exposure is not the only source of a chemical due to the transport processes through the shoot 
surface which are considerably larger than the amount that can be transported by the xylem-
sap flow. However, if sediment exposure plays a role, especially if it is the only source, the 
variability of the xylem-sap flow speed might be considered. Xylem-sap flow speed might 
increase as soon as plants breach the water surface and start to transpire. Furthermore, during 
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periods of prolonged darkness the xylem-sap flow speed of macrophytes might be reduced 
(Pedersen and Sand-Jensen 1993). It can also not be excluded that xylem-sap flow speed 
might increase, when the sediment is the major nutrient source. It is recommended to use 
xylem-sap flow values in between the average of 0.0035 [cm³/h] and the maximum of 
0.01[cm³/h] (Tuth 1932). To describe the root-to-shoot translocation of Linuron a value of 
0.0065 [cm³/h] was appropriate.  
An open question is, which sediment concentration, either the concentration based on the dry 
weight or the concentration in the pore water, should be used. Since the concentration of the 
sediment is not the bio-available fraction, it is recommended to use the pore-water 
concentration and set the pore-water concentration equal to the concentration in roots. This 
approach is in regards to the root surface which is known to be large due to very fine root 
hairs and due to one of the major functions of roots, taking up nutrients. Furthermore, roots do 
not possess cuticles that act as a barrier for chemicals.      
Toxicodynamics can be integrated through effects on dry weight or length growth. If both are 
affected, it is reasonable to establish internal dose-response functions for each of them. The 
specific modes of action of a chemical do not have to be mechanistically integrated into the 
model when it is not possible due to the model concept. While in this case, the mode of action 
can be integrated empirically, chemicals that affect neither plant weight nor plant length 
cannot be described by this model approach. However, in standard toxicity tests with M. 
spicatum, only the alteration of plant length and plant weight is recorded (OECD 2013b). The 
recent toxicodynamic approach assumes that effects are reversible and damage does not 
occur. However, adaptations to this approach to consider irreversible effects and damage, can 
be integrated if sufficient experimental data are available.   
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When evaluating time-variable exposure-profiles some input parameters are more sensitive 
than others. Especially the parameters that are related to toxicokinetics, such as the cuticular 
permeability and the plant/water partition coefficient, as well as parameters that are used to 
establish dose-response functions, are sensitive and should be chosen with care.  
Advantages of the model based approach 
Although the model is, as already stated, limited in the research questions that can be 
addressed (e.g. uptake of organic chemicals only), it offers many advantages and might 
enhance risk assessment. 
To evaluate the impacts of chemicals on aquatic macrophytes, standard toxicological studies 
with representative species are conducted. These standard toxicological studies are based on 
constant concentrations of chemicals, although, the exposure assessment delivers not only a 
constant concentration but a full exposure-profile for an entire year. By using this M. 
spicatum toxicokinetic and toxicodynamic model approach, the full exposure-profile can be 
evaluated providing results that are more realistic. While some full or extended exposure-
profiles might also be evaluated in mesocosms, the model approach offers the ability to 
evaluate nearly unlimited exposure-profiles, with, in contrast to mesocosms, only little effort. 
Furthermore, this model approach can be used to predict effects on a long-term scale for 
several years. Complex exposure patterns, such as sediment exposure, can be addressed with 
little effort. 
Another advantage of this approach is, that it can be used with the information that is, already 
available for many chemicals. A standard toxicity test and the octanol/water partition 
coefficient are sufficient to use the model and estimate the necessary input parameters.  
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Overall, this model approach might increase the realism in the risk assessment and might 
provide useful supplementary information without the need to generate additional 
experimental data.  
Outlook 
This toxicokinetic and toxicodynamic growth model of M. spicatum is an example, on how an 
aquatic macrophyte model might be used to evaluate time-variable, annual chemical 
exposure-profiles. Since on the side of exposure assessment, models are regularly used 
(FOCUS 2006), it is only consequential to also use models on the effect assessment side. 
However, regulatory authorities, who are responsible for accepting or denying risk 
assessments in the end, hesitate to use models on the effect assessment side. Further 
demonstrations showing how useful and reliable models are, are necessary to increase the 
acceptance of models in risk assessment. Additionally, EFSA opinions on the usage of models 
in aquatic risk assessment (EFSA-Q-2012–00960) and on good modelling practice (EFSA 2014) 
might increase the acceptance of models in aquatic risk assessment by giving clear guidance 
to regulators.    
As a long-term perspective, this work should contribute to the acceptance of toxicokinetic and 
toxicodynamic aquatic macrophyte models through a detailed explanation of the underlying 
concepts and the model structure, as well as by demonstrating how model outcome can be 
linked to the general risk assessment scheme. As a final objective, aquatic toxicokinetic and 
toxicodynamic models might be used in risk assessment in the same frequency as the models 
that are used in the exposure assessment. To reach this goal, it might be reasonable, on a 
short-term perspective, to conduct further experiments and to further analyse existing 
experiments. Thereby, demonstrating the advantages of model approaches, and reducing the 
doubts that model approaches are unrealistic. By showing the applicability of the model in 
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areas which can hardly be addressed in the standard classical risk assessment, as complex 
long-term exposure-profiles or roots-to-shoot translocation, this objective might be achieved.   
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